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 HEARTCARPET-Inspired by a 19th century Afshar rug from Persia. The Afshar were a nomadic people of Turkic descent, reaching Persia via Central Asia and the Caucasus in th e 12th and 13th centuries and settling throughout much of the western part of the country. Their carpets were made on horizontal looms in the villages of the Ke rman province. The diagonaUy staggered columns of geometric polychrome medallions, or botehs, are typical of Afshar weavings, as is the dark blue background. Fields of cardiac tissue are depicted in red. Progressively later stages of heart deve lopment are depicted running down the carpet, followed on the diagonal in two different colorways. The bottom motif, representing the fully developed cardiopulmonary system, is a direct rendition of the double boteh on the original carpet, as is the elaborate border which includes a reciprocating trefoil, here representing the vascular-tissue interface, and a typical barberpole design, rendered as a DNA double helix.-NR
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 In her heart she carried an instinct
 
 like that of a migrant species. She would find the tundra, the deeps, she would journey home.
 
 James Salter Light Years (1975)
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 Preface
 
 This book is about how hearts develop. The heart is an organ of key medical, developmental, and evolution ary significance, and it is a subject that has captured the imaginations of embryologists and clinicians over the centuries. More recently, we have begun to dissect the genetic pathways and cellular interactions that lead to heart formation and specialization of its components. Here, the most basic questions in developmental biol ogy come to the fore: where do heart precursor cells arise; when do they become different from their neigh bors; how do they activate genetic programs that spec ify cell type and organ morphology; how do defects in those programs manifest as congenital abnormalities? Today's biologists have at their disposal an unprece dented richness of experimental paradigms and tech niques with which to explore the control circuitry of the developing embryo, and these are being applied in ele gant and ingenious ways to the study of the heart. Our present focus on the developing heart is driven, in part, by a clinical urgency. Cardiovascular disease is one of our greatest killers. Recent progress in under standing the genetic and molecular bases of cardiovas cular development, function, and disease is leading to a redefinition of its pathophysiology, and innovative diagnostic and prognostic tools are emerging. But we are only at the beginning of revolutions in biopharma ceuticals, gene therapy, and organ culture. Tracking the development of the cardiovascular system in intricate detail will offer broader dimensions of understanding within which to explore novel interventional strategies for treatment of disease. Interest in the embryonic heart is also driven by a fascination with developmental processes. The heart is the first organ to form and function during mammalian embryogenesis and serves to focus our attention on the issues of lineage, inductive interactions between cells, and morphogenesis, and how these conspire to
 
 craft a complex organ. The surprising similarities in the cellular and molecular mechanisms of cardiac develop ment among different organisms, even those as unre lated as mammals and fruitfiies, have inspired an imme diate interest in each experimental system, and a deeper questioning and understanding of the evolution of the body and its component parts. But there is a less tangible side to our fascination, an element of aesthetic awe. The formation of the cardio vascular system is extraordinarily beautiful, whether we are witnessing the improbably early heartbeat in a chick embryo or the patterns of genes expressed in heart progenitor cells. It is this sense of beauty and universal ity that was the real inspiration for this book, which we hope comes through in both content and design. We express our gratitude to Craig Panner at Acade mic Press, who shared our original concept for the pro ject and whose continued enthusiasm and uncondi tional support have been essential for its fruition. We also thank Kathy Stern, our artist, whose creativity, cu riosity, and patience carried us through the seemingly endless adjustments necessary to realize the visions of each contributor and whose talent is evident in the gor geous images that enrich their words. Our laboratories deserve acknowledgment for the hours of our attention they lost to this book and for their invaluable editorial assistance in the final harried stages of production. Fi nally, we thank the authors themselves, friends and col leagues all of them, who have lent their time, inspira tion, and knowledge to help us capture the current collective excitement that is the hallmark of this fast moving field. It has been a rewarding experience to work with each of them, and they have our deepest gratitude. Nadia Rosenthal
 
 Richard xvii
 
 P.
 
 Harvey
 
 I n trod uction
 
 Dialogues i n Card iovascular Development The formation of the heart and vasculature during embryogenesis is a miraculous event. Our fundamental understanding of this critical process is based on de cades of meticulous study by anatomists. Analyses of the sequential evolution of structures through distinct developmental stages have provided us with a series of snapshots of how components grow, differentiate, and sometimes die. Detailed anatomical catalogues cannot, however, distinguish initiating stimuli from responding events. Hence, cardiovascular embryogenesis often ap pears rather like a stage play without the dialogue; the observer can only wonder why events are linked and how sequences are orchestrated. This book provides some of the answers. By intertwining descriptions of modern molecular technologies with classical embryology, chapters of this text provide the reader with an understanding of the dynamic forces that shape normal and aberrant cardiovascular development. The complexity of these processes cannot be underestimated. Nevertheless, analyses of multiple vertebrate species help to delin eate the fundamental principles of cardiac induction, diversification, morphogenesis, and maturation that transcend species specificity. For experimentalists, the studies detailed herein mark the beginning of a new era in molecular developmental biology. Targeted gene ablation and random mutagenic screens have provided an initial scaffold of transcription factors that orchestrate cardiac development. Future in vestigations will undoubtedly expand this data set and
 
 assemble the participants into formidable cascades. Fate mapping studies are making use of a range of molec ular and cellular markers: viruses, vital dyes, genetically tagged allografts, and normal expression patterns. These tools allow lineage detection at increasing res olution, often challenging existing paradigms. Their fur ther application should delineate the origin of special ized sUbpopulations within the myocardium. Another exciting area is the identification of the genes and cellu lar mechanisms that signal laterality to the primitive heart tube. These studies will give us insights into how physiological heart looping is directed and how endo cardial cushions and great vessels are integrated. For clinicians, these studies herald the promise of new insights into normal cardiac development and the pathogenesis of congenital heart disease. Most certainly, genes and pathways identified in lower vertebrates should continue to provide clues that are relevant to hu man cardiovascular embryogenesis. For while some species-specific events must occur to account for the ob vious differences in the mature hearts of humans, mice, and flies, increasing evidence indicates conservation of genetic pathways involved in heart formation. The rapid pace of investigations into molecular cardiovascular de velopment in lower vertebrates will expedite study of equivalent human pathways, and the participants in these processes should provide candidate molecules that may be perturbed in congenital heart disease. We can expect not only that the etiologies of extraordinar ily complex human disorders will be defined, but ulti mately that these data will improve techniques for cor recting congenital heart defects. Because cardiac malformations occur in 5 to 8 of 1000 live births and are xix
 
 xx
 
 associated with significant mortality in neonatal life and beyond, achievement of these lofty goals would have substantial merit to society. Unlike the final scene in the theater, this book does not resolve all questions in cardiac development. Rather, it sets the stage for the rebirth of cardiovascular embry ology and promises an accelerated and exciting dialogue
 
 I nt rod u ct i o n
 
 between experimentalist and clinician, developmental biologist and cardiologist. Let the play begin! Christine Seidman Department of Genetics Harvard Medical School
 
 •
 
 •
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 from the underlying yolk by a fluid-filled cavity called the subgerminal cavity. The area opaca forms only ex traembryonic tissues, whereas the area pellucida forms the embryo in addition to contributing to the extraem bryonic membranes. Moreover, at the time of laying, a sheet of cells, called the hypoblast, is forming at the cau dal end of the area pellucida. The hypoblast continues to expand anteriorly and ultimately underlies the entire area pellucida. However, its position in the area pellu cida is only temporary, and as the endoderm forms dur ing gastrulation the hypoblast is displaced rostrally to an extraembryonic site. With formation of the hy poblast, the area pellucida becomes two layered. The outer layer is called the epiblast and the inner layer is the hypoblast ( Fig. 1). Early postimplantation development of the mouse embryo is preoccupied with the expansion of the cell population descended from the inner cell mass of the blastocyst. About 15 cells are found in the inner cell mass of the implanting blastocyst ( at 3.5 days post coitum) . The other population of about 60 cells forms a
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 I . Pre l u d e to Germ Layer Formation The freshly laid egg of the chick consists of an enor mous mass of yolk on which floats a flat, disc-shaped blastoderm ( Fig. 1). The diameter of the blastoderm at laying is about 3.5 mm, whereas that of the yolk is about 35 mm. At the time the egg is laid, the blastoderm con sists of about 10,000 cells and is subdivided into an outer area opaca, firmly attached to the underlying yolk, and a central, translucent area pellucid a, separated Heart Deve l opment
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 Figu re 1 Development of the avian blastoderm from the time the egg is laid (A) until formation of the primitive streak (D). The blastoderm at the time the egg is laid floats on top of a large mass of yolk (A). Both the blastoderm and the yolk are enclosed in the non cellular vitelline membranes (not shown). In B and D, which show dorsal views of the blastoderm (rostral is at the top and caudal is at the bottom of each of these two illustrations), note that the blasto derm is subdivided into an outer area opaca and an inner area pellu cida. The hypoblast is beginning its formation at the caudal end of the area pellucida at the stage shown in B (hypoblast is seen through the epiblast) and has completed its formation at the stage shown in D. C and E show sections cut down the midline axis (caudal to the left and rostral to the right). The hypoblast in C is formed only caudally; it is growing rostrally (i.e., in the direction of the arrow) at this stage. The hypoblast in E is completely formed. In addition, the primitive streak has just formed at the caudal end; it is extending rostrally (i.e., in the direction of the arrow in C) at this stage. At the tip of the primitive streak, epiblast cells condense into a structure called the Hensen's node (not shown).
 
 thin epithelial layer called the trophectoderm that en cases the inner cell mass and a blastocyst cavity (Fig. 2). A significant departure of the early development of the mouse from that of the chick is the intervention of im plantation, whereby the mouse embryo adheres by an intimate contact with the uterine tissue. Implantation, which happens at 3.5 days postcoitum, involves the ex tensive proliferation of the trophoblasts and the inva sion of these cells into the uterine stroma to establish the first embryo-maternal connection. Following im plantation, the inner cell mass population increases to about 120 cells during the first 2 days after implantation.
 
 Initially, cells are clustered i n the inner cell mass, but by 5.5 days postcoitum, they are organized into a pseudo stratified epithelium, known as the epiblast. As a result of the physical constraint imposed on the embryo by the confine of the uterine cavity, the epiblast is restrained from growing into a fiat discoid shape like that of the chick embryo. Instead, the embryo grows into a cylinder inside the cavity bounded by the trophoblast and the primitive endoderm (Fig. 2). To conform with this rather peculiar configuration, the epiblast epithelium and a layer of primitive endoderm are shaped into a double layered cup, with the epiblast inside the endoderm (Fig. 2). Shortly before gastrulation starts at 6.5 days post coitum, there are about 660 cells in the epiblast and 300 cells in the primitive endoderm. The cup-shaped epi blast measures about 200 fLm in height and 120 fLm in width. The epiblast of the mouse conceptus is therefore only about one-tenth the size of the area pellucida of the chick embryo shortly before gastrulation. Despite the marked difference in shape, size, and number of cells, the embryos of the chick and the mouse are similar in many respects. At the onset of gastrulation, both embryos are composed of two cell layers, the epi blast and the hypoblast (in the chick) or the primitive en doderm (in the mouse). The epiblast in both is the pri mary source of all embryonic and some extraembryonic tissues. Although the chick blastoderm contains many more cells than does the mouse epiblast and primitive endoderm combined, a major proportion of cells in the chick is allocated to the area opaca, which is destined to form extraembryonic tissues, some of which must grow to fully enclose the large yolk mass. In both embryos, the formation of the germ layers (ectoderm, mesoderm, and endoderm) is accomplished by the recruitment of cells from the epiblast to the primitive streak where they un dergo ingression and are incorporated into three new tis sue layers (Bellairs, 1 986). This critical phase of embry onic development is known as gastrulation. Analysis of gene activity during the gastrulation of chick and mouse embryos has revealed remarkable con servation in molecular control of cell differentiation and tissue patterning between these species. This find ing, when considered in conjunction with the similar construction of chick and mouse early embryos, sug gests that the morphogenetic processes of gastrulation will share many common features. The immediate out come of gastrulation is the formation of the definitive germ layers and the organization of a blueprint of the embryonic body. The establishment of this blueprint is accomplished by the generation of diverse tissue lin eages from a pluripotent progenitor cell population and the placement of the different cell types in their appro priate locations in the embryo. This chapter provides an overview of the morphogenetic events that culminate in the regionalization of the progenitors of the heart tis-
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 Fig u re 2 Early development of the mouse embryo from the blastocyst (A) to the pre-primitive-streak (egg cylinder) stage (B). Implantation of the blastocyst occurs on the fourth day postcoitum. The inner cell mass (composed of the epiblast and the primitive endoderm) and the polar trophectoderm grow into the blastocyst cavity to form a cylindrical embryo (B). The embryo has asymmetrical curvatures on the anterior and the posterior sides of the cylinder which seem to define the prospec tive anterior-posterior axis (C). Shown in the bisected view (D), the cylindrical embryo is made of the extraembryonic ecto derm, the epiblast, and the primitive endoderm. The epiblast and the primitive endoderm are shown separately in E. A grid system is mapped visually on the epiblast to provide the Cartesian reference points for positioning the cell population in the epiblast during fate mapping. The orientation of the anterior-posterior and proximal-distal axes is shown by the cross-arrows.
 
 sues and the specification of the cardiac cell lineages during gastrulation.
 
 I I . Experimental Strategy of Fate M a pp i ng A. A
 
 C ritical Pre req u i s ite: Re l ia b l e Trac k i n g o f Ce l l s
 
 1. Locating the Cell Population for Fate Mapping
 
 In fate-mapping experiments, single cells or groups of cells under examination have to be located as pre cisely as possible in the embryo. The position of the cells in the embryo may be determined by their distance from a recognizable morphological landmark. In the gastrulating mouse embryo, this can be the primitive streak, the allantois, or the junction of the amnion and the epiblast. Because fate-mapping experiments will be repeated using different embryos, it is important to en sure that only embryos of similar developmental stages are used for each fate-mapping experiment. Often, due to the variation in the dimensions of the embryos, even for those at comparable developmental milestones, an absolute measure of position is unable to pinpoint con-
 
 sistently an identical group of cells in different embryos. It is therefore more practical to determine the location of cells by their relative position along the proximal distal and the anterior-posterior axes (Figs. 1 and 2). In essence, the position of a group of cells is determined by their Cartesian coordinates in a grid system that maps onto the embryo (Fig. 2). The number of coordi nate points in the grid is fixed and the dimension of the grid is adjusted in proportion to the size of the embryos. In the chick embryo, the common landmarks are the posterior marginal zone, Koller's sickle, the primitive streak, and the Hensen's node (Fig. 1). The position of the cells is often determined by their distance from these landmarks. 2. Methods for Labeling Cells
 
 The clonal descendants of the cell(s) whose fate is being mapped must be identified by some means so that their distribution and differentiation can be monitored during embryonic development. This can be achieved by marking the cell(s) with an exogenous label. For both chick and mouse celis, the most commonly used labels are the lipophilic carbocyanine dyes [DiI 1 ,1' dioctadecyl-3,3,3' ,3'-tetramethylindocarbocyanine per chlorate], DiO (3' ,3' - dioctadecyloxacarbocyanine per-
 
 6 chlorate), and their derivatives, available from Molecu lar Probes Inc. (Eugene, OR) . A group of cells is marked by injecting a small (10-20 pI) volume into the extracel lular space around the cells (Darnell and Schoenwolf, 1 997). The dyes are taken up by the lipid component of the cell membrane and are distributed to daughter cells that inherit a portion of the membrane of the parent cell during cell division. When viewed under fluores cence illumination, the labeled cells in the embryo glow in bright colors. More refined techniques are used to la bel single cells by microinjecting the dye into the cyto plasm. Active enzyme (e.g., horseradish peroxidase) or a fluorescent compound (e.g., rhodamine dextran) can be introduced into single cells by iontophoresis (Bed dington and Lawson, 1 990). However, uncertainty can exist regarding whether only single cells are always in jected. Moreover, the efficacy of introduced label is of ten compromised by the uneven passage of the marker to the daughter cells and the dilution of the label after each cell division. The duration of time that the progeny of cells can be followed in an experiment is therefore limited by the longevity of the label. An alternative approach to trace the clonal descen dants of cells is to employ transgenes as inheritable cell markers. A transgene containing the Escherichia coli lacZ sequence that encodes the enzyme l3-galactosidase is commonly used. It is important that the transgene is expressed ubiquitously in all progeny of the parent cells irrespective of the types of tissues to which they may differentiate. In our fate-mapping experiments we have used the promoter of a mouse housekeep ing gene, which encodes the enzyme 3'-hydroxyl- 5' methylglutaryl coenzyme A reductase catalyzing a rate limiting step in the cholesterol biosynthetic pathway, to drive unbiased and ubiquitous expression of the lacZ gene in all cell lineages (Tam and Tan, 1992). Cells ex pressing the lacZ gene can be identified by histochemi cal detection of l3-galactosidase activity using X-gal and other colored galactosidase substrates. With this tech nique, the dilution and the uneven distribution of the la bel are no longer a problem because the active marker enzyme is always produced in the transgenic cells and their progeny throughout the experiment. An additional method is used to track cells in avian embryos: the construction of quail/chick transplantation chimeras. In these experiments, donor cells obtained from quail embryos are transplanted in place of cells in host chick embryos. Quail cells later can be identified in chimeras by using a quail-specific antibody or by stain ing DNA to reveal the endogenous quail-specific nucle olar marker-a clump of heterochromatin associated with the nucleolus (Le Douarin, 1976). Alternatively, cells from donor embryos labeled with fluorescent dyes (e.g., 5- [and -6]-carboxyfluorescein diacetate succin-
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 imidyl ester (Molecular Probes Inc.) can be used in place of quail cells. Such cells can be followed over time with time-lapse videomicroscopy, and their fluorescent, transient label can be converted subsequently into a permanent label using antibodies coupled to peroxidase (Garton and Schoenwolf, 1 996; Darnell and Schoen wolf, 1 997). The developmental fate of a cell(s) under examina tion is assessed by the types of embryonic tissues that have been colonized by its descendants. Additionally, the cells are examined for evidence of proper differen tiation by the acquisition of histological features and the expression of appropriate molecular and biochemi cal markers that are characteristic of the tissues that have been colonized. The analysis of the results of fate mapping therefore necessitates the preservation of the cell label during histological preparation of the speci mens and the ability to simultaneously detect the cell la bel and the lineage-specific marker. In this respect, all types of markers described previously have been used successfully for studies that required codetection of markers (Tam and Zhou, 1 996; Tam et aI., 1 997; Garcia Martinez et aI., 1997).
 
 B . Tech n i q u e s of Fate M a p p i n g The major technical impediments for studying the differentiation of cell types in the mouse embryo during the immediate postimplantation period are the small size of the gastrula, the relatively small size of its cells compared to those of lower vertebrates at this stage, and that the embryo is developing inside an inaccessible uterine environment. Significant advances have been made in the past decade to culture the mouse embryo through the stages of gastrulation and early organogen esis, stages during which the cultured embryo grows and undergoes morphogenesis similar to that achieved in utero (Sturm and Tam, 1993). Embryos maintained in vitro are readily amenable to experimental procedures that are essential to fate mapping, such as cell marking, cell transplantation, and continuous scrutiny of cell movement and tissue differentiation. Chick embryos at gastrula stages are larger than mouse embryos but their cells are still relatively small, and although embryos develop outside of the hen, they still develop within a calcified shell. At gastrula stages, the presence of the shell makes embryos essentially in accessible because breaching the shell to gain access to embryos in ovo distorts the blastoderm, causing further development of the embryo in ovo to occur abnormally. Thus, as with mouse embryos, whole-embryo culture is used. With 1 day of culture, embryos removed from freshly laid eggs initiate and complete gastrulation. With 2 days they initiate and virtually complete neuru-
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 lation, establishing a neural tube along their entire length. Moreover, during this 2-day period of culture prospective cardiac cells are recruited from the superfi cial epiblast into the primitive streak, ingress and mi grate into the interior of the embryo, and are assembled into paired heart tubes, which fuse into a single tube in the ventral midline. This primitive heart contains multi ple layers, exhibits rostrocaudal regionalization, and ini tiates looping during the 2-day period of culture. Thus, several crucial events of early embryonic development can be studied in whole-embryo culture. To date, mapping the fate of cells in the embryo can be accomplished by two experimental approaches. First, individual cells or groups of cells at a defined position in the embryo are labeled by microinjection. The embryo is then examined at various intervals of culture to assess where the labeled cells are found and into which tissues they have differentiated. Second, the developmental fate of cells can be studied following cell transplanta tion from a donor to a host embryo. Cells used for trans plantation are isolated from donor embryos that have been labeled with cell markers, express a transgene, or, in the case of avian embryos, are derived from quail em bryos. These cells are transplanted in groups as small as 5-10 to an equivalent site in the host embryo. By per forming such orthotopic transplantations, the donor cells are placed among cells that are likely of the same fate. The differentiation of the transplanted cells in the host embryo will therefore reflect the normal fate of the cells at a specific position in the embryo. The results ob tained from these two types of experiments are gener ally consistent. The results obtained after labeling or transplanting a group of cells may, however, only reveal the collective fate of the population. It is not possible to distinguish if individual cells of that population are dis playing a multitude of cell fates (i.e., pluripotent) or whether they are restricted in their potency so that each cell differs from the others and has a unique fate (i.e., determined). This issue can best be resolved by analyz ing the differentiation of clonal descendants following the transplanting or marking of single cells.
 
 I I I . Fate Maps of Card iac Ti ssues A.
 
 The E m e rg e nce of a Bas i c Body P l a n
 
 The appearance o f the primitive streak a t gastrula tion provides a morphological indication of the orienta tion of the embryonic axis. The primitive streak marks the caudal pole of the rostrocaudal axis. However, in the chick, a hint of the orientation of the rostrocaudal em bryonic axis is given by the formation of a fold of tissues called the Koller's sickle near the posterior marginal
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 zone of the blastoderm, which marks the future caudal aspect of the embryo (Fig. 1 ) . In the mouse, a similar morphological landmark for the caudal aspect of the embryo is not found. The cylindrical embryo often shows some asymmetry in its curvature (Fig. 2) but a di rect association of this asymmetry to any embryonic axis has not been demonstrated. There is now, however, evidence from the localized activity of several genes, such as Evxl, FgJ8, and Hesxl (Rpx) (Dush and Martin, 1 992; Crossley and Martin, 1 995; Hermesz et at., 1 996; Thomas and Beddington, 1 996), and the regionalization of cell fate in the epiblast (Lawson et at., 1991) that the embryonic axes may have been established before gas trulation. Some molecular indication of the left-right handedness of chick and mouse embryos can be dis cerned in the asymmetrical expression of a number of genes at late gastrulation. These include the genes that are expressed predominantly on one side of the primi tive streak and the node, which is a condensed group of cells at the anterior end of the primitive streak (e.g., mouse, nodal; chick, nodal-related gene [cNR1], sonic hedgehog, HNF3�, Snail-related zinc finger gene, and activin receptor IIA; King and Brown, 1995; Levin et at., 1 995; Stern et at., 1 995; Collignon et at., 1996; Isaac et at., 1 997). There is, however, a close correlation between the sided expression of the nodal gene in the perinodal tissue and the expression of the nodal, lefty, and ehand genes in the lateral mesoderm that is associated with the sinoatrial tissues of the heart during cardiac mor phogenesis (Collignon et ai., 1 996; Meno et ai., 1 996; Sri vastava et ai., 1 995). In the precardiac mesoderm of the stage 5 chick embryo, there is an asymmetrical distribu tion of two extracellular matrix proteins. The heart specific lectin-associated matrix protein is more abun dant in the mesoderm on the left side of the heart field but the fibrillin-related protein is more abundant on the right side (Smith et ai., 1 997) . It is not known whether this early asymmetry in the distribution of extracellular matrix protein plays a role in the development of heart that displays handedness in looping. The precardiac mesoderm on the two sides of the embryo has been shown to display differential sensitivity to the induction of abnormal heart looping by retinoic acid (RA). Ap plication of RA to the right heart field results in ran domized looping of the heart tube, but similar treat ment of the left heart field only leads to reversed looping at high RA doses. The alteration of the heart looping pattern is accompanied by changes in the distri bution of the extracellular matrix proteins. There is, however, no consistent alteration in the sided expres sion of Shh and nodal in the RA-treated embryos that show randomized heart looping (Smith et al., 1 997). Nevertheless, the discovery of an asymmetrical distrib-
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 ution of matrix protein in the pre cardiac mesoderm raises the possibility that there is an early determination of the laterality of the heart primordium during gastru lation. The discovery of the rostrocaudal polarity and the handedness of the embryo at the beginning of gastrula tion indicates that a preliminary blueprint for body pat tern may have been established in the morphologically homogeneous epiblast and endoderm layer of the em bryo. Studies on cell movement in the epiblast and primitive streak have revealed that there is a pre dictable site-specific pattern of cell movement. We do not know for certain if the movement of different cell populations in the germ layers is related to the fate of these cells. This issue could be addressed by studying whether there is a regionalization of developmental fate of cells in the germ layers such that a consistent pattern of allocation of cells to various lineages is evident dur ing embryogenesis. The correlation of the developmen tal fate of cells originating from different sites in the early embryo allows the construction of topographical maps showing the approximate localization of the prog enitors of tissue lineages that collectively compose the whole embryo. These are called fate maps and they
 
 show pictorially the position o f the various precursor populations in the embryo (Figs. 3 and 4). A series of fate maps can be constructed for different developmen tal stages (Figs. 4 and 5). A correlative study of sequen tial fate maps is especially informative in projecting the morphogenetic movements of cells of a particular lin eage during development and in assessing the neigh boring relationship of tissues that may be involved in inductive interactions during differentiation. Also, comparisons among animal species provide information on the degree of universality of morphogenetic move ments. Clonal analyses and fate-mapping studies have shown that cells in the epiblast of the early- primitive streak-stage (early PS) embryo are not restricted in their lineage potency. Descendants of single epiblast cells can be found in diverse lineages that classically have been regarded as belonging to different germ lay ers. This strongly implies that there is little restriction of the lineage potency of cells in the epiblast before in gression through the primitive streak (Lawson et at., 1 99 1 ; Tam et at., 1997). The plasticity or the lack of de termination of cell fate has also been demonstrated by cell transplantation experiments. Epiblast cells that
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 Figu re 3 A fate map of the epiblast of the early mouse gastrula showing the regionalization of the pre cursor cell populations of the various major tissue lineages. The map is shown on the right half of the epi blast viewed from within the proamniotic cavity. The proximal one-third of the epiblast (about 220 cells) is allocated to the extraembryonic mesoderm and the amnion. Precursors of the embryonic tissues are local ized to the distal two-thirds of the epiblast. Approximately 50 cells are allocated to the heart mesoderm, which is found in the posterior-lateral region of the epiblast immediately proximal to the neuroectoderm. Other embryonic tissue precursors include those of the surface ectoderm, paraxial mesoderm, lateral plate mesoderm, gut endoderm, and notochord. The arrows show the orientation of the embryonic axes and the dimension of the epiblast.
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 Fig u re 4 Fate maps of the avian blastoderm showing the epiblast (top) and the combined mesoblast and endoderm layers (bottom) at the initial-streak, midstreak, full-streak, and neurula stages. The maps show the dorsal view of the blastoderm (see Fig. 1 ) . The heart pre cursors are found initially in the posterior part of the blastoderm adjacent to the middle segment of the primitive streak. The heart meso derm ingresses through the primitive streak during the initial- to midstreak stage and moves anterolaterally (arrows) during the expan sion of the mesoderm. By the full-streak stage, the heart mesoderm is found in a crescent anterior and lateral to the rostral mesoderm.
 
 have been transplanted to different sites in the epiblast will differentiate with the cells in their new neighbor hood and not according to the fate of the cell popula tion from which they come. In order words, the epiblast cells may acquire a different fate after transplantation to a new site (Tam and Zhou, 1996; Schoenwolf and Al varez, 1 991; Garcia-Martinez et aI., 1 997). Despite this plasticity of cell potency, distinct region alization of cell fate can be shown by fate mapping. Fate maps depicting the location of the progenitors of major tissue lineages in the epiblast have been constructed (Figs. 3 and 4). In these fate maps, cells in different re-
 
 gions of the embryo are assigned a specific fate accord ing to the probability that descendants of these cells are allocated to tissues of a particular part of the body. For clarity and simplicity, distinct borders are drawn for do mains of epiblast that are occupied by the progenitors of specific tissue types. Clonal analysis and cell trans plantation studies suggest, however, that there is con siderable overlap in the distribution of the progenitor cells for the different lineages. The stylized fate maps therefore, show the most probable localization of the different precursors in the epiblast at the beginning of gastrulation.
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 Fig u re 5 Tissue movement in the mesoderm and the endoderm during gastrulation. The precursor of the heart mesoderm is initially found in the lateral posterior epiblast at the early primitive streak (Early PS) stage. Epiblast cells destined for the heart ingress through the primitive streak during early gastrulation, and recruitment to heart mesoderm continues for some time after the mid-PS stage. The heart mesoderm is displaced anteriorly and proximally to the cardiogenic region, in concert with the ex pansion of the mesodermal layer (straight solid arrow). The movement of the heart mesoderm matches both spatially and temporally with that of the definitive endoderm that becomes the foregut endoderm. This finding strongly suggests that a neighbor relationship has been established at the inception of the germ layers between the two tissues that may be involved in the inductive interaction underlying heart morphogenesis. The curved arrows show the movement of the ingressed mesodermal and endodermal cells away from the primitive streak (the solid line on the posterior side of the egg cylinder). The red ar eas in the epiblast and the mesoderm indicate heart precursors (the mesoderm diagrams). The dashed line marks the boundary between extraembryonic and embryonic mesoderm. The orientation of the proximal-distal and the anterior-posterior axes is shown by the crossed arrows.
 
 B . Pre c u rsors of Diffe re n t Card i ac Ce l l Types Are C o l ocal i zed i n t h e Epi b l ast The heart is one of the first structures to form during organogenesis (DeRuiter et aI., 1992; Icardo, 1 996). Fate maps of chick and mouse show the lateral epiblast as the major source of mesoderm (Lawson et at., 1991; Garcia-Martinez et aI., 1 993; Parameswaran and Tam, 1995). Broadly, the lateral epiblast can be divided into two mesodermal domains: extraembryonic mesoderm (proximal in the mouse and caudal in the chick) and embryonic mesoderm (distal in the mouse and rostral in the chick, Figs. 3 and 4). The heart precursors are local ized together with the cranial mesoderm in the embry-
 
 onic mesoderm domain. They are located posterior to the precursor cells of the neural plate, close to the site that later becomes the rostral part of the primitive streak. Further analysis of the lineage composition of the heart precursor cells in the mouse epiblast has shown that descendants of this population contribute predominantly to the myocardium and to a lesser extent to the endocardium and the pericardium (Tam et at., 1 997). These findings suggest that the precursors for these three cardiac tissues are localized to the same re gions of the epiblast. Similarly in chick, transplantation of segments of the primitive streak reveals that endo cardium and myocardium for each of the subdivisions (e.g., ventricles and atria) of the heart arise in concert
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 (Garcia-Martinez and Schoenwolf, 1 993). However, the transplantation of groups of cells in these two fate mapping experiments precludes the possibility of re vealing whether cardiac lineages share a common pro genitor. It has been suggested that in the zebrafish blastula, the endocardium and the myocardium may be derived from common progenitors and that these two lineages may segregate later during development (Stainier et ai., 1 993; Lee et ai., 1994). The mutation of the cloche gene in zebrafish, however, results in the selective deletion of the endocardial cells and does not affect the myocardial lineage (Stainier et ai., 1995). This could mean that these two cell lineages are derived from independent progen itors, but it is also possible that the mutation only im pacts cell differentiation after the segregation of these lineages has occurred.
 
 C . The Early As sociat i o n of t h e H ea rt M esoderm a n d t h e Fore g u t E n d o d e r m A t the onset o f gastrulation i n the mouse (6.5 days), the primitive streak first forms at the most proximal site on the posterior midline of the epiblast (Hashimoto and Nakatsuji, 1 989) and is adjacent to the precursors of the extraembryonic mesoderm. The primitive streak ex tends distally during gastrulation (Tam et ai., 1 993) and reaches the domain occupied by the heart and cranial mesoderm at about 7.0 days (mid-primitive streak stage). The strategic location of the mesodermal precur sors in the epiblast thus predicts that the first cell types that are recruited from epiblast cells to the new germ layer will be the extraembryonic mesoderm, followed by the heart and cranial mesoderm about 12 hr after the onset of gastrulation. Analysis of the fate of cells in the mouse primitive streak at the mid-primitive streak stage reveals that dif ferent cell types are ingressing through different seg ments of the primitive streak. Because of the technical difficulty in delineating finer regions of the primitive streak, it is not possible to distinguish whether cells des tined for different cranial-caudal portions of the heart tube are ingressing through specific segments of the primitive streak during gastrulation. Some heart prog enitor cells, however, are still found in the epiblast near the anterior end of the primitive streak at this stage (Parameswaran and Tam, 1 995) and presumably will be ingressing later than during the mid-primitive streak stage. It is possible that different segments of the heart tube are ingressing sequentially instead of simultane ously through the primitive streak during gastrulation. In the chick, heart cells ingress through the rostral middle portion of the primitive streak (Figs. 4 and 6). In gression of heart precursors begins at the early primi-
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 tive streak stage and is virtually completed by the fully elongated primitive-streak stage, with the exception of some cells that continue to ingress over the next few hours through the rostral end of the primitive streak; these cells contribute to the most rostral end of the straight heart tube (bulbus cordis; Fig. 6). Furthermore, heart precursor cells ingress in the chick in roughly rostral-to-caudal sequence. That is, cells contributing to the rostral part of the straight heart tube ingress through the most rostral part of the primitive streak, whereas those that contribute to the caudal part of the straight heart tube ingress through more caudal levels of the primitive streak (Fig. 6). An immediate outcome of the ingression of cells at the primitive streak is the formation of the mesodermal layer. This layer expands as more cells join the meso derm from the primitive streak and as a result of the proliferation of cells already incorporated into the mesoderm. In the mouse at about 12 hr after the onset of gastrulation (7.0 days postcoitum), the mesodermal layer has expanded to cover about two-thirds of the posterior undersurface of the epiblast. Fate-mapping studies performed by cell transplantation reveal that, consistent with the sequential recruitment of first the extraembryonic mesoderm and then the embryonic mesoderm, the majority of cells in the proximal part of the mesoderm are destined for the mesodermal tissues of the extraembryonic membranes. The heart and cra nial mesoderm occupy the most distal part of the meso dermal layer and are localized near the anterior seg ment of the extending primitive streak (Fig. 5 ; Parameswaran and Tam, 1995). Results of fate-mapping (Parameswaran and Tam, 1 995) and cell-tracking experiments (Tam et ai., 1 997) in the mouse show that the mesodermal cells destined for the heart are displaced in a distal to anterior-proximal direction along the lateral aspect of mid- to late-PS em bryos (Fig. 5). This movement of the heart mesoderm in the mouse gastrula is comparable to that seen in Xeno pus (Keller and Tibbetts, 1989) and in the chick (Fig. 4; Garcia-Martinez and Schoenwolf, 1 992; Schoenwolf et ai., 1 992; Psychoyos and Stern, 1 996). By the late PS stage of the mouse, the prospective heart mesoderm is found in the anterior proximal regions of the meso dermal layer underneath the cephalic neural plate (Parameswaran and Tam, 1 995). The localization of the heart precursors in the mesoderm of 7.0- to 7.5-day mouse embryos coincides with the distribution of the transcripts of the endothelium-specific GATA4 and Fltl genes (Heikinheimo et ai., 1994; Yamaguchi et at., 1 993; see Chapter 17) and the Nkx2.5 (Tinman) gene which is expressed in the precursor of the myocardium (Lints et ai., 1 993; reviewed by Lyons, 1994, 1996; see Chapters 5 and 7). Similar localization of heart precursors in the
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 Fig u re 6 Primitive streak origin of the rostrocaudal subdivisions of the heart in the avian blastoderm. The heart precursors are mapped to a segment of the primitive streak be tween 1 25 and 625 mm caudal to the Hensen's node in the midstreak embryo. Cells that are allocated to the three major heart segments (bulbus cordis, ventricle, and the sinoatrial re gion) are mapped in the corresponding rostrocaudal order in the primitive streak as in the heart (Garcia-Martinez and Schoen wolf, 1993). The Hensen's node does not contribute any cells to the heart. Ingression of the heart precursors finishes by the full-streak stage and there is no further contribution by the primitive streak cells to the heart.
 
 mesoderm and Nkx2.5 gene expression occur III the chick (Schultheiss et aI., 1995; see Chapter 4). It is interesting to note that a generally similar di rection of cellular displacement occurs in the endo derm of the chick and mouse embryos at gastrulation (Rosenquist, 1971; Lawson et at., 1 986; Lawson and Pedersen, 1 987). The progenitor cells of gut endoderm have been mapped to the posterior epiblast next to the heart mesoderm and the cranial mesoderm (Fig. 5). These progenitor cells ingress through the anterior primitive streak and are recruited to the endodermal layer at early- to mid-PS stages, about the same time as when the heart mesoderm ingresses through the primi tive streak. The newly recruited definitive endoderm cells intercalate between the preexisting primitive en doderm cells and are integrated into the epithelium. As more epiblast cells are recruited to the endoderm layer,
 
 this new popUlation of cells progressively displaces the primitive endoderm in a proximal-anterior direction over to the extraembryonic yolk sac (Fig. 5). The early waves of definitive endoderm contribute mostly to the foregut (Lawson et at., 1986; Lawson and Pedersen, 1987; Tam and Beddington, 1 992). The spatial overlap of the heart mesoderm and the foregut endoderm, therefore, strongly suggests that a neighbor relation ship may be established early at the inception of these two tissues. Similarly, in chick, the heart mesoderm, af ter its ingression, is found next to the rostral endoderm (Rosenquist, 1 971), and in Xenopus, the heart meso derm is found next to the pharyngeal endoderm of the late blastula (Keller, 1 976; see Chapter 3). During gas trulation, endoderm and heart mesoderm move to gether anteriorly, along the lateral sides of the neural plate (Fig. 5; Rosenquist, 1 971).
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 IV. Patterning and Cel l Com m itment to a Heart Fate
 
 A. Ro l e of C e l l I n g re s s i o n a n d M ove m e n t i n Fate S pe c i fi cati o n Cell populations in different regions of the primitive streak display a diverse cell fate (Schoenwolf et at., 1992; Tam and Beddington, 1987; Smith et ai., 1994), al though considerable plasticity of cell fate is still evident (Garcia-Martinez and Schoenwolf, 1992; Inagaki et ai., 1 993). It is not known what constitutes the signal(s) for lineage specification or restriction. The analysis of gene activity in the primitive streak has revealed some re gionalization of transcription that is consistent with the allocation of the ingressing cells to various mesodermal lineages (Sasaki and Hogan, 1993; Tam and Trainor, 1994). This concept has been applied to the interpre tation of the inappropriate allocation of cells to differ ent mesodermal derivatives in mutant mouse embryos that have lost FGFR1 and HNF313 function (Ang and Rossant, 1994; Yamaguchi et ai., 1 994; Sasaki and Hogan, 1 993). Experiments in the mouse involving the reciprocal transplantation of the posterior epiblast and newly in gressed mesoderm reveal that the ingression of cells through the primitive streak leads to a restriction of lin eage potency (Fig. 7). Cells taken directly from the pos terior epiblast to the mesoderm, and therefore not sub ject to an influence of the primitive streak, retain full epiblast potency and colonize a range of host tissues concordant with their expected cell fate and not with that of the mesoderm at the host site. When ingressed cells in the distal mesoderm of the mid-PS embryo are transplanted to the epiblast of the early PS embryo, the transplanted cells can ingress for a second time through the primitive streak and contribute to a wider variety of mesodermal tissues than that expected from their orig inal fate. The transplanted cells differ from the native epiblast cells and do not colonize the lateral plate meso derm. Results of these two transplantation experiments indicate that the process of ingression may result in some restriction of lineage potency. Previous ingression through the primitive streak, however, does not seem to reduce the ability of the mesodermal cells to reenact the morphogenetic movement of gastrulation (Tam et ai., 1 997). Similar plasticity of cell fate has been found in the avian embryos. Prospective neural plate, when trans planted to the primitive streak, ingresses through the streak and forms mesoderm. Thus, the ability of cells to ingress is not determined by their prospective fate. Moreover, primitive streak cells when transplanted to the prospective neural plate can respond to neural-
 
 inductive signals. The transplanted tissues epithelialize and form a neural plate showing the molecular and his tological features that are characteristic to the brain re gion into which they have integrated (Garcia-Martinez et ai., 1 997). Thus, although ingression can lead to re striction of lineage potency, a remarkable degree of flexibility in cell differentiation can still exist. Other studies in the avian embryo have shown that the commitment of embryonic cells to myocardial fate occurs immediately following ingression of cells through the primitive streak. Heterotopic transplanta tions of primitive streak segments (Fig. 8; Inagaki et ai., 1 993) between prospective cardiogenic and noncardio genic levels and heterotopic transplantation of prospec tive mesodermal areas of the epiblast (Garcia-Martinez et ai., 1 997) reveal that prospective mesodermal cells are largely uncommitted at the time of their ingression, with the exception of cells that form the notochord (Garcia-Martinez and Schoenwolf, 1992; Selleck and Stern, 1 992). Thus, prospective heart mesoderm can readily form somites and lateral plate mesoderm, and prospective somites and lateral plate mesoderm can readily form heart, including both endocardial and my ocardial layers. However, just a few hours later in de velopment, which is shortly after cells ingress through the primitive streak, prospective myocardial cells be come committed. When these cells are explanted so that they are no longer subject to further interaction with other embryonic cells, they will differentiate au tonomously into cardiomyocytes (Antin et ai., 1 994; Sugi and Lough, 1994). Moreover, rostrocaudal pattern ing of the heart occurs shortly thereafter. When the ros trocaudal position of the heart precursor cells is altered by reversing the orientation of a segment of the primi tive streak, cells that are destined for specific segments of the heart can still retain their morphogenetic charac teristics during subsequent development (Orts-Llorca and Collado, 1 967, 1 969; Satin et ai., 1 988).
 
 B. I n d uctive I n te ract i o n s Studies performed i n amphibian and chick embryos have shown that the developmental fate of heart pre cursors may be specified early during gastrulation through inductive interactions (Sater and Jacobson, 1 989; Yutzey et ai., 1 995; Tonegawa et ai., 1996). The car diogenic potency of these cells is initially labile and pro gressively becomes fixed through the cumulative effect of ongoing inductive tissue interactions (Sater and Ja cobson, 1 990). Results of experiments that involve the ablation, recombination, and transplantation of the germ layers of amphibian and avian embryos have shown that some inductive signals emanating from the endoderm may be required for the specification of cell
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 Fig u re 7 The experimental strategies of orthotopic and heterotopic transplantations to test the cardiogenic potency of the presumptive heart precursors in the epiblast, the newly formed mesoderm, and the nonheart epiblast. Embryonic cells for the potency tests are iso lated from the anterior epiblast (middle), the posterior epiblast (top), and the distal region of the nascent mesoderm (bottom). For testing the developmental fate of the epiblast cells and the recently ingressed mesodermal cells, they are transplanted to posterior epiblast (Site B) of the early primitive streak (PS) stage embryo, distal mesoderm (Site C) of mid-PS em bryo, the anterior-proximal mesoderm (Site D) of late-PS embryo, which are the sites where heart precursors are normally found during gastrulation. Posterior epiblast cells that contain heart precursors are also transplanted to the anterior epiblast (Site A) of early PS embryo to test if the cardiogenic potency could be maintained in the ectopic site. Results of these trans plantation studies show that the allocation of cells to the heart lineage is independent of the act of ingression or mesodermal movement during gastrulation. Nonheart precursor cells can be induced to differentiate into heart tissues when they are transplanted directly to the car diogenic field of the late-PS embryo, suggesting that the necessary signals for heart differenti ation are given to the cells only after they have reached their destination at the conclusion of gastrulation.
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 Figure 8 Experiments utilizing heterotopic, isochronic grafting (top) and heterotopic, heterochronic grafting (bottom) test the state of commitment of prospective heart mesoderm (PHM) and prospec tive nonheart mesoderm (PNHM) at mid- and full-streak stages of avian blastoderms. Results of these transplantations show that the cells in the primitive streak are not committed to any particular fate and the allocation of cells to the embryonic heart is dependent on the site of ingression of the cells in the primitive streak.
 
 fate, the maintenance of tissue competence, and the in duction to terminal differentiation of cardiogenic meso derm. However, there are conflicting views on how crit ical the role of the endoderm is to these cardiogenic processes in different vertebrate embryos (Gannon and Bader, 1995; reviewed by Jacobson and Sater, 1 988). A series of transplantation studies in mouse (Fig. 7) have shown that the descendants of cells taken from two different regions of the epiblast can contribute to the heart of the host embryo. The graft-derived cells also express the appropriate tropomyosin isoform when they colonize the myocardium of the host (Tam et at., 1997). The only condition for heart cell differentiation is the placement of the epiblast cells at the sites in the germ layers where the heart precursor cells of host em bryos are normally found. Interestingly, epiblast cells can acquire a myocardial fate after direct transplanta tion to the heart field of the late-PS embryo (Fig. 7).
 
 This observation provides the most compelling evi dence that the necessary information for specifying heart differentiation is given to the cells only after they have reached their destination and not while they are traveling to the heart field. This information may be de rived from either the inductive signals from the endo derm (Sugi and Lough, 1995) or the cellular interactions with the host heart mesoderm community (Gonzalez Sanchez and Bader, 1990). Results from transplantation studies do not preclude the possibility that some steps of specification of the heart mesoderm may have taken place during the initial phases of gastrulation. In the avian embryo, non-heart precursor cells isolated from stage 4 posterior primitive streak which normally con tribute to haematopoietic cells are induced to differen tiate into cardiac myocytes when they are cocultured with the endoderm from the anterior lateral region of the stages 4 and 5 embryo (Schultheiss et aI., 1 995). In terestingly, although the mesoderm in the more central region of the embryo does not differentiate to heart tis sues, the mesoendoderm tissues have been shown to ac quire cardiac-inducing activity in vitro when they are free of other germ-layer tissues (Schultheiss et al., 1995). It is suggested that the inductive signal(s) for heart differentiation is derived from the anterior endo derm and is normally absent from the central mesoen doderm, probably as a result of the suppressive activity emanating from the node or its derivatives (Yuan et at., 1995a,b; see Chapter 4). The specific requirement of endoderm interaction in cardiac differentiation has been disputed, however (Jacobson and Sater, 1988). Studies on cardiac differ entiation, assayed by the expression of heart-specific transcripts, in coexplants of anterior ectoderm and mesoderm of stages 6-9 chick embryos suggest that the initial steps of myocardial differentiation may occur in the absence of the endoderm. The endoderm of early gastrula (stages 3 and 4) is also not required for the pat terning of tissues in the embryonic heart (Inagaki et aI., 1993) but may be necessary for establishing the diver sity of myocardial cell types (Yutzey et at., 1995). Fur thermore, the proper assembly of sarcomeric proteins and the initiation of contractile activity require the sup port of the anterior endoderm at least until stage 6 (An tin et al., 1994; Sugi and Lough, 1994; Gannon and Bader, 1 995). These findings raise the possibility that the specification of heart mesoderm is initiated early during gastrulation by the inductive activity of the endoderm (Sugi and Lough, 1994). At a later stage, the inductive activity of the anterior endoderm is dispensable be cause the assembly of sarcomeres and the differentia tion of the atrial myocytes can occur in the absence of endoderm (Gannon and Bader, 1995; Yutzey et at., 1995). In Xenopus, the heart mesoderm seems to be specified at early gastrulation, and its differentiation
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 does not require any interaction with the superficial pharyngeal endoderm (Sater and Jacobson, 1989). The anterior endoderm is needed at the pro neurula stage (stage 20) only to maintain the cardiogenic competence of the lateral mesoderm (Sater and Jacobson, 1 990). Heart differentiation in these explants was assayed by the appearance of foci of contractile cells and not by the expression of heart-specific molecules. Recently, the deep endoderm at the dorsal marginal zone of the early Xenopus stage 10-10.5 gastrula has been shown to be involved in the induction of heart mesoderm (Nascone and Mercola, 1 995). The nature of the endoderm derived inducing molecules is not known (Tonegawa et aI., 1 996), but members of the transforming growth fac tor-(3, (BMP), bone morphogenetic proteins and fibro blast growth factor families of growth factors or some endoderm-derived secreted factors are strong candi dates (Kokan-Moore et aI., 199 1 ; Sugi and Lough, 1 995; Lough et aI., 1 996; Bouwmeester et aI., 1 996; Zhu et aI., 1996; Schultheiss et aI., 1 997). In chick, the prospective heart mesoderm is sandwiched between ectoderm and endoderm, both of which express BMP (Schultheiss et aI., 1997; see Chapter 4). Consequently, anterior ec toderm may also be involved in heart induction in this organism. If an inductive interaction between the endo derm (and/or ectoderm) and the mesoderm is critical for heart differentiation in the mouse embryo, the early spatial association of the heart mesoderm and the gut endoderm during gastrulation would be important for initiating and perpetuating such tissue interactions.
 
 V. Summary Results of fate-mapping experiments and transplan tation studies that test the developmental potency of early mesodermal cells have provided new insight into the process of lineage specification in gastrulating chick and mouse embryos. Specifically, cellular ingression and cell movement in the mesoderm through the primitive streak are associated with a restriction in mesodermal potency. During normal development, such a morpho genetic repertoire may be essential for establishing an early association of the heart mesoderm and the gut en doderm. This would ensure that tissues involved in in ductive interactions are properly placed during cardiac differentiation. We have shown in the mouse and chick that different epiblast cell populations have equivalent developmental potencies, which enable them to re spond to the cardiogenic signals in the gastrulating em bryo following heterotopic transplantation. It is plausi ble that the initial morphogenetic cell movement associated with germ layer formation is not critical for the specification of heart mesoderm. The necessary sig nal(s) for myocardial specification may be found only after the cells have reached the cardiogenic field.
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 primitive vertebrates such as fish (see Chapter 6). In contrast, the heart of higher vertebrates, including birds and mammals, further undergoes a series of morpho genetic steps: looping (see Chapters 21-22); septation generating the four compartments characteristic of the adult heart (see Chapter 10); trabeculation and thicken ing of the ventricular walls; and the cranial shift of atrial chambers, assuming their adult position rostrodorsal to the ventricles. The coordinated contraction of the topo logically repositioned atrial and ventricular chambers depends on developing and patterning the cardiac con duction system (see Chapter 12). The survival of thick ened ventricular myocardium relies on the coronary vessel system. These two specialized tissue systems are absent from hearts of primitive vertebrates. To under stand the molecular mechanisms that govern sequen tially programmed development and integration of these subcardiac components during heart formation in higher vertebrates, it is essential to define their lineage relationships and migration patterns within the embryo.
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 I. I ntrod uction In vertebrates, the heart is first established as a single tube consisting of two epithelial layers: the inner endo cardium and the outer myocardium (Manasek, 1 968; see Chapters 1 , 6, and 10). The primitive tubular heart par titions further into two chambers-atrial and ventricu lar--confined by atrioventricular septa (see Chapters 10 and 19). Myocardial contractions begin during this double-walled stage of heart formation; initial pulsa tions are generated at the right myocardium and spread posteriorly to anteriorly over the whole myocardium. Except for the pacemaker cells, the cardiac conduction system has not yet developed at this stage. Coronary vascular cells, connective tissue cells, and autonomic neurons are not present in the tubular stage heart (Manasek, 1968). The two-chambered heart is the mature form in the Heart Deve lo p m e n t
 
 I I . O ri g i n of Endocard ial and Myocard ial Cel l L i n eages Only three cell types, endocardial endothelia, ven tricular myocytes, and atrial myocytes, constitute the tubular heart when it begins rhythmic contraction (Manasek, 1 968). As in the adult heart, the primitive 19
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 heart tube consists of a greater proportion of myocar dial cells than endocardial cells (Fig. 1 ) with the ratio of -18 : 1 (Cohen-Gould and Mikawa, 1996). Fate map studies in chicken embryos have established that car diogenic mesoderm rostrolaterally flanking Hensen's node contains precursor cells of all three early cardiac lineages (Rawles, 1943; Rosenquist and De Haan, 1966; Garcia-Martinez and Schoenwolf, 1 993). However, to date it remains unexplained how more myocardial cells than endocardial cells segregate from the cardiogenic mesoderm, partly due to controversy regarding our un derstanding of the lineage relationship between the my ocardial and endocardial lineages. It is uncertain when and how these two cardiac lineages are established.
 
 I Ori g i n s a n d Early M o rphog e n e s i s Primitive streak
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 Ectoderm Mesoderm Hypoblast
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 A. C o m m o n vs Se parate O ri g i n of E n d ocard ia l and Myocyte Ce l l L i n eage s During tubular heart formation, the cardiogenic mesoderm first becomes an epithelial layer (Fig. 1) in which all cells express N-cadherin, a calcium-dependent cell adhesion molecules (Takeichi, 1991), by Ham burger-Hamilton (HH) stages (Hamburger and Hamil ton, 1951) 6 and 7 (Linask, 1 992). The epithelialized car diogenic mesoderm then generates two subpopulations; the majority of cells, maintaining N-cadherin expres sion, remain as epithelia and later differentiate into my ocytes, whereas the minor population, downregulating N-cadherin expression, segregates from the original ep ithelial layer as a progenitor population of the endocar dial endothelia (Manasek, 1 968; Linask and Lash, 1 993). The epithelioid myocardial cells begin expression of muscle-specific genes and proteins substantially before initiation of the heart beat (Han et ai., 1992; Yutzey et ai., 1994), whereas endocardial cells begin expression of an endothelial marker at their segregation from the ep ithelialized cardiogenic mesoderm (Linask and Lash, 1993; Sugi and Markwald, 1996). There is confusion in the understanding of the gene sis of endocardial and myocardial cell lineages. Based on morphological heterogeneiety within cardiogenic mesoderm, it was originally predicted that two lineages are already separated when their progenitors migrate to the heart field (Pardanaud et ai., 1987a,b; Coffin and Poole, 1988; DeRuiter et ai., 1 992). Based on expression patterns of myocardial and endocardial cell markers in cardiogenic mesoderm (Linask and Lash, 1 993) and in an immortalized myogenic cell line, QCE-6 (Eisenberg and Bader, 1 995), a recent model predicts that meso dermal cells in the heart field commonly produce both cell lineages. QCE-6 cells can be induced to express my ocyte or endothelial phenotypes in response to several different growth factors. If individual cells of cardiogenic mesoderm com-
 
 ----- Hensen's node
 
 Ectoderm
 
 Endoderm
 
 P remyocardium
 
 Splanchnic mesoderm
 
 Stages 7-8
 
 Neural tube
 
 ----- Ectoderm
 
 Notocord Foregut
 
 --- Endocardium
 
 Stages 9-1 0 Fig u re 1 Morphogenetic processes in the early heart develop ment. Gastrulating cardiac mesodermal cells (red) at HH-stage 4 (top panel), segregation of endocardial precursor cells (green) from ep ithelioid presumptive myocardium (red) during lateral body fold at the neurula stage (second panel), and subsequent tubular heart for mation by fusion of bilateral heart primordia, respectively.
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 monly generate both myocardial and endocardial cells, the mechanism inducing these distinct cell types could be uncovered by addressing the diversification process of cardiogenic mesodermal cells into either cell lineage. This type of approach would not be appropriate, how ever, if these two lineages were already separated prior to their migration to the heart field. Thus, understanding the fate of individual cells within the heart field is cru cial for addressing mechanisms by which myocardial and endocardial lineages of the heart are established. However, morphological analysis, fate maps based on migration patterns of groups of cells, and expression of marker genes do not provide sufficient evidence to de termine whether the endocardial and myocardial lin eages segregate at the time of gastrulation or if both lin eages arise from a common progenitor present in the cardiogenic mesoderm. We have recently addressed this question by fate-mapping analysis of individual progen itor cells within the heart field.
 
 B. Retrovi ral Ce l l Li neage Stu d i e s of Card i og e n i c M e s od e rm The value of replication-defective retrovirus-mediated genetic tags for analyzing cell lineages was first demon strated in pioneering studies on the central nervous system and the eye (Sanes, 1 989; Cepko, 1 988). Retro viruses stably integrate their genetic material into the infected host cell and this genetic information is inher ited by every descendant of that initially infected cell. If horizontal transmission from primary infected cells is inhibited, retroviral-mediated gene transfer can be one of the most reliable methods for restricting the effects of transgenes to the desired cell type and time point in the developing heart. Several replication-defective vari ants of retroviruses have been engineered as a vector suitable for cell lineage studies in the avian embryo by replacing viral structural genes with reporter genes, such as j3-galactosidase (reviewed in Mikawa et at., 1996). The simplicity of the retroviral cell-tagging pro tocol provides a reliable way to study the cell lineage of higher vertebrates in vivo, resolving some debate on previous fate map data using in vitro explants. Retroviral cell lineage studies in the chicken embryo revealed that individual cells in the heart field give rise to a clone consisting only of one cell type, either endo cardial or myocardial cells (Cohen-Gould and Mikawa, 1 996). No mesodermal cells generate clones containing both these cell types. Importantly, -95% of the meso derm-derived clones are localized in the myocardium only, whereas -5% of them are found in endocardium only. The results do not support the model that cells in the heart field commonly generate both lineages and
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 rather indicate that the heart field mesoderm consists of at least two distinct subpopulations with substantially more premyocardial cells than preendocardial cells. This uneven sorting process within the heart field meso derm can be explained by two new models illustrated in Fig. 2 (Cohen-Gould and Mikawa, 1 996). According to the first model, in which cardiogenic mesoderm is equipotential, there must be a mechanism which locally defines the region inducing the endocar dial or myocardial cell lineage within the heart field. It is known that bone morphogenetic protein from under lying endoderm is involved in specification of anterior mesoderm into the myocyte lineage (Schultheiss et ai., 1 995) and vascular endothelial growth factor is neces sary for induction of the endothelial lineage (Shalaby et ai., 1 995; Ferrara et ai., 1 996; Fong et ai., 1 995). How ever, there is no evidence that either of these ligands or receptors are expressed locally within the heart field (Flamme et ai., 1994). According to the second model, in which the heart field consists of two subpopulations already restricted to the myocardial or endocardial lineage, the uneven sorting of cardiogenic mesodermal cells into either lin eages can be explained by the presence of more premy ocardial progenitors than preendocardial progenitors within the heart field. There are several lines of evi dence consistent with the model. Endothelial cell com mitment occurs before and independent of gastrulation, whereas myocyte commitment has not yet occurred at the prestreak stage (von K irschhoffer et ai., 1 994). Single-cell marking and tracing studies in zebrafish (Lee et ai., 1 994) have identified a blastomere population which generates only endocardial or myocardial cells. Thus, separation of these two lineages can occur at blas tula stage prior to formation of mesoderm. The endo cardial progenitor population is sequestered from my ocyte progenitors within the heart field of zebrafish blastula (Lee et ai., 1 994), as observed in the chicken cardiogenic mesoderm (Cohen-Gould and Mikawa, 1996). Recent fate-mapping analysis of the mouse blas tula has revealed that both myocardial and endocardial cells arise from two small sites bilateral to the antero posterior axis in the distal region of the epiblast (Tam et at., 1 997; see Chapter 1 ) . 1t remains to be seen whether the myocardial and endocardial precursors are already segregated within the heart field of the mouse embryo. Several transcriptional factors, including members of Tbx, GATA, HAND, Nkx2.5, and MEF2 gene families (see Sections III, V), have been identified in the heart forming region. Although all these factors are necessary for survival and/or proliferation of already differenti ated myocytes, their roles in induction of the myocyte lineage remain uncertain. The previous cell lineage data
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 Figu re 2 Models for genesis of myocyte and endocardial endothelial lineages (modified from Cohen-Gould and Mikawa, 1996). Model l proposes that cardiogenic mesoderm cells are bipotential and enter either endothelial or myocyte lineage by receiving distinct inductive sig nals. Model 2 illustrates that 1) prior to or at the initiation of gastrulation, each cardiac lineage in the epiblast or primitive streak cells is established; 2) during gastrulation, precursors of both lineages co-migrate to the cardiogenic mesoderm area; and 3) responding to instructive signals from endoderm and/or ectoderm, the precursors undergo terminal differentiation and mor phogenetic processes.
 
 would provide a foundation for addressing their poten tial roles in trasncriptional regulation underlying the es tablishment of cardiac lineages.
 
 C . O ri g i n of Atrial a n d Ve ntricu la r Myocyte Li n eage s Before the tubular heart begins its contraction, cells in the caudal region of the presumptive myocardium are distinguished as atrial myocytes from those in the rostral region differentiating as ventricular myocytes, based on electrophysiological properties (Kamino et at., 1981) and the expression of contractile protein genes (O'Brien et at., 1993; Yutzey et at., 1 994). Fate-mapping studies have shown that the more rostral cells of the primitive streak form the more rostral regions of the tubular heart and the more caudal cells form the caudal, inflow regions (Rosenquist and De Haan, 1 966; Garcia Martinez and Schoenwolf, 1 993; see Chapter 1). Al though this spatial relationship is not absolute (Garcia Martinez and Schoenwolf, 1993), the results suggest the atrial and ventricular lineages may segregate at or prior to gastrulation.
 
 This hypothesis has been tested by cell lineage stud ies using single-cell tagging procedures in chicken (Mikawa et at., 1992a) and zebrafish (Stainier et at., 1993) embryos. Retroviral-mediated genetic marking and subsequent fate analyses of individual cells present in the cardiogenic mesoderm have proved that individ ual cells in the rostral cardiogenic mesoderm only enter the ventricular myocyte lineage, whereas cells in the caudal region differentiate into the atrial myocyte lin eage (Mikawa et at., 1996). Clone-based fate maps in ze brafish embryos showed that atrial and ventricular myocyte lineages separate at the midblastula stage (Stainier et at., 1 993; see Chapter 6). Thus, these two my ocyte lineages are already established when mesoder mal cells migrate into the cardiogenic area; the ventric ular myocytes arise from a sUbpopulation residing in the rostral regions of the cardiogenic mesodermal plates, whereas the atrial myocyte lineage originates from cells present in the caudal regions of cardiogenic mesoderm. Indeed, explants from the caudal region of cardiogenic mesoderm can differentiate into atrial but not ventricular myocytes in culture (Yutzey et at., 1 995). Molecular signals inducing these two myocyte lin-
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 eages are currently unknown. However, the caudal re gion of cardiogenic mesoderm has the potential to change its beat rate from atrial type to that of prospec tive ventricular myocytes, if placed in the rostral heart forming region (Satin et at., 1988). Ectopic retinoic acid treatment of cardiogenic mesoderm induces the expres sion of atrial myosin in presumptive ventricular my ocytes (Yutzey et at., 1994). Such plasticity can be seen only before atrial and ventricular myocyte phenotypes become apparent. These observations suggest that myo genic progenitors within the cardiogenic mesoderm remain bipotential until terminal differentiation into either atrial or ventricular phenotypes becomes evi dent. Therefore, it is likely that the terminal differentia tion of either atrial or ventricular lineages is defined by positionally delineated extracellular signal(s). Lim ited migratory activities of myocyte progenitors within the epithelioid presumptive myocardium (Mikawa et ai., 1992a,b) may play a role in stabilizing the terminal differentiation process.
 
 D . Fate of Epith e l io i d Myocyte s d u ri ng Myocard ial Wal l M o rp h og e n e s i s Soon after myocyte lineages complete their terminal differentiation at the tubular heart stage, the epithe lioid, beating myocytes then divide in a plane per pendicular to the heart wall, delaminate, and migrate toward the endocardium, generating a number of pro trusions or trabeculae (Manasek, 1968). The trabecu lated pattern increases endocardial surface area to facilitate diffusion of oxygen and nutrients into the avascular ventricular myocardium prior to coronary vessel system development. Subsequent coalescence of trabeculae gives rise to the thickened myocardium in which all myocytes are tightly connected with interca lated discs. Although the morphological transitions that occur during myocardium formation have been exten sively characterized, the mechanism underlying asym metrical muscle growth of the left and right ventricles and genesis of muscular septa and papillary muscles re mains poorly understood. Retroviral cell lineage procedures have defined the fate of individual myocytes during trabeculation and subsequent thickening and multilayering of the ventric ular myocardial wall (Mikawa et at., 1992a,b; Mikawa, 1995). Myocardial wall morphogenesis can be divided into four major steps (Fig. 3). (i) During tubular heart formation, individual myocyte precursors become ep ithelialized; (ii) the differentiated, epithelioid myocytes generate a series of progeny which undergo an epithe lial-mesenchymal transformation and migrate more vertically than horizontally, creating ridge-like protru sions (trabeculae); (iii) gradients of myocyte prolifera-
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 tion are evident across the myocardial wall, greater at peripheral than deeper layers, resulting in the formation of the cone- or wedge-shaped sectors which span the entire thickness of the myocardium. The clonally re lated sectors serve as the fundamental growth units of the myocardial wall, and (iv) two-dimensional arrays of these cone-shaped growth units give rise to the three dimensional ovoid structure of the ventricular walls. The interventricular septum consists of cones of more axially elongated dimensions than those in the lateral walls. Thus, the thickened and multilayered ventricular myocardium is defined by the locally regulated migra tion and proliferation of progeny derived from individ ual epithelioid parental myocytes. Some molecular signalings involved in induction of trabeculation and/or proliferation of myocytes have been identified. Signaling of neuregulin, a peptide se creted by endocardial endothelia, through its cognate tyrosin kinase receptors (erbB2 and erbB4) expressed by epithelioid myocytes is required for initiating trabec ulation: Mutation of neureglin (Meyer and Birchmeier, 1 995), erbB2 (Lee et at., 1 995), or erbB4 (Gassmann et ai., 1 995) results in loss of trabeculation. Signaling of fi broblast growth factor (FGF) through its tyrosin kinase receptor (FGFR1 ) serves as a potent mitogen during myocardial wall thickening (Mirna et at., 1 995; Mikawa, 1995). Recent studies of the transforming growth factor f3 (TGF-f3) null mice revealed that there is a significant thickening of the ventricular wall and a loss of ventric ular chamber volume, both resulting from myocyte hy perplasia (Letterio et ai., 1994). The results suggest that TGF-f3 signaling may serve as a supressor of cardiomy ocyte proliferation.
 
 I I I . Orig i n of Coronary Vascu lar Cel l Li n eages The embryonic heart of higher vertebrates is avascu lar until the myocardium becomes thickened through both myocyte hyperplasia and fusion of trabeculae (Rychter and Ostadal, 1971). In the chicken embryo, coronary vascularization begins at E6 with formation of a capillary plexus and venous sinusoids (Bogers et ai., 1 989; Waldo et ai., 1 990). The subsequent anastomosis with coronary arteries establishes the closed coronary vessel network by E14 (Rychter and Ostadal, 1 971). Only two of several connections to the aorta persist and differentiate as definitive coronary orifices by E18 (Hood and Rosenquist, 1992). Currently, the mecha nisms governing the development and patterning of coronary vessel network are not well understood since until recently the ontogeny and lineage of cells com prising coronary vessels were controversial.
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 I O ri g i n s a n d Early M o rphog e n e s i s
 
 Precise characterization o f the origin o f cell popula tions in the coronary arterial system appears to be im portant for not only clarifying embryological questions but also providing a foundation for understanding clin ically related problems, such as acute atherosclerosis. Chicken/quail chimera studies of noncoronary vessels first identified two embryonic origins, neural crest and local mesoderm, as progenitors for vascular smooth muscle (Le Lievre and Le Douarin, 1975). Recent stud ies have demonstrated that there is a high degree of het erogeneity in the response to various cytokines within vascular smooth muscle. Although the basis of this vari ation is not thoroughly understood, it has been sug gested that cell lineage (e.g., neural crest vs mes enchyme) may be one of its determinants (Topouzis et ai., 1992; Schwartz and Liaw, 1 993). More specifically, blood vessel ontogeny may be a factor in the varying susceptibility of different components of the vascular system to atherosclerosis (Topouzis et aI., 1992; Hood and Rosenquist, 1 992).
 
 A. Ang i og e n e s i s vs Vas( u l og e n e s i s There are two distinct processes by which embryonic blood vessels develop: "angiogenesis" by outgrowth or branching of preformed vessels and "vasculogenesis" by fusion of locally formed endothelial vesicles (Noden, 1990; Fig. 4). The origin of the coronary vessel system was controversial (Waldo et ai., 1990; Bogers et ai., 1989); it was uncertain whether the coronary vessel net work was established by an outgrowth from the root of aorta (angiogenesis) or by in situ fusion of angioblasts (vasculogenesis). To identify the timing of coronary stem cell entry into the embryonic heart, cells of the heart tube were tagged through infection with a replication-defective virus encoding fj-gal at various stages in ovo. The fate analysis of the tagged cells revealed that coronary vas cular precursors, the endothelial cells, vascular smooth muscle cells, and perivascular connective tissue cells enter the heart on the third day of embryogenesis; none of these precursors enter the heart before this stage (Mikawa and Fischman, 1992). Importantly, each pre cursor generates a daughter popUlation which consists of only one cell type and forms a colony with a sharp boundary within the coronary vessels (Fig. 5; Mikawa and Fischman, 1 992). Thus, the three lineages making up
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 Fig u re 3 The main morphogenetic events in the myocyte lineage during formation of four chambered heart (modified from Mikawa, 1995). A clonal myocyte population was highlighted in yellow. The en doderm is omitted from the diagram.
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 Fig u re 4 Two potential mechanisms. angiogenc is and vasculogcncsis. for estahlishing coronary arterial network (red in left diagram) connected to aorta (pink).
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 Figure 5 (A) Origin and migrate pathway of cardiac neural crest and coronary vessel precursors. (B) A /3-gal+ colony of coronary arterial smooth muscle cells of EI8 heart which received single cell in fection in proepicardium at E3. (C) /3-gal+ neuronal elements in EI8 heart which received infection of cardiac neural crest at E2. (D) Transverse section of coronary artery containing /3-gal+ smooth muscle cells.
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 the coronary vasculature appear to be distinct when they migrate into the tubular heart. The distribution of clonally related vascular cells restricted to a segment of arterial vessels indicates vasculogenesis, rather than an giogenesis, as the mechanism of coronary vessel forma tion.
 
 B . N e u ra l C rest vs Pro e p i card i a l O r i g i n o f Coro nary Vasc u lat u re s Studies using chick/quail chimeras have demon strated that vascular smooth muscle cells in the proxi mal great vessels, including the thoracic aorta and aor tic arches, are derived from the neural crest (Le Lievre and Le Douarin, 1975; d'Amico-Martel and Noden, 1983; Kirby and Stewart, 1983; Hood and Rosenquist, 1992; see Chapter 11). In the heart, however, it has been difficult to distinguish between chicken and quail vascu lar cells because the chromatin pattern of quail nuclei is modified during differentiation of the vessels (Le Lievre and Le Douarin, 1975). Thus, it is uncertain if the neural crest provides a progenitor population for coro nary vasculatures. A genetic tag (f3-gal) was introduced into neural crest cells by retroviral infection (Epstein et aI., 1994) and their contribution to both aortic and coro nary vessels during chicken cardiogenesis was examined (Gourdie et aI., 1995; Noden et aI., 1995). The results demonstrate that smooth muscle cells in the tunica me dia of the aortic and pulmonary trunks, but not those of the coronary arteries, derive from the neural crest. In addition to the neural crest, there is another mi gratory cell population that enters the heart tube; the epicardial mantle begins to envelop the myocardium on E3 (Ho and Shimada, 1988; Hiruma and Hirakow, 1989) at the same time that coronary precursor cells first ap pear in the tubular heart (Mikawa and Fischman, 1992). The epicardial mantle originates from mesothelial cell clusters on the right side of the external surface of the sinus venosus (Fig. 5). The protrusions of the proepi cardium contact the dorsal wall of the tubular heart in the region of the atrioventricular junction at E3 (HH stage 17) and subsequently form a cellular monolayer which gradually covers the heart in a well-characterized progression (Hiruma and Hirakow, 1 989). Chicken/quail chimera studies have demonstrated that the proepicardium contains endothelial cells which can differentiate into the coronary endothelia if im planted (Poelmann et aI., 1993). Retroviral genetic tag ging studies have shown that single putative vasculo genic cells of the proepicardium differentiate into solitary vessel-associated clusters consisting of only one cell type-endothelial, smooth muscle, or perivascular connective tissue cells (Mikawa and Gourdie, 1 996). In no case were vessels labeled along their entire length.
 
 I Ori g i n s a n d Early M o rphog e n e s i s
 
 The segmental distribution of clonally related daughter cells was identical to that characterized in earlier clonal analyses of developing coronary arteries (Fig. 5; Mikawa and Fischman, 1992). These results proved un equivocally that the coronary vasculature is derived from mesodermal cells in the dorsal mesocardium (the proepicardium), and these results do not support the hypothesis of a neural crest origin as suggested by ear lier investigators. Importantly, three distinct lineages of the coronary vasculature-the smooth muscle, endothe lial, and connective tissue cells-are already segregated at the time of viral tagging in the proepicardium prior to migration into the heart tube.
 
 C . A M o d e l of Coro n a ry Vas c u l og e n e s i s Th e data previously described indicate that the coro nary vessel network is established by the vasculogenic mechanism and not by outgrowth from the aorta. The vasculogenic steps in coronary vessel morphogenesis are summarized in Fig. 6 (reviewed in Mikawa and Gourdie, 1996). First, independent endothelial and smooth muscle precursors migrate from the proepi cardium to the tubular heart during formation of the epicardial mantle. Second, the endothelial cells differ entiate to form sinusoidal vesicles. These endothelial vesicles fuse, eventually forming capillary channels. Third, once the closed vessel network is established and hooked to the aorta, intracardiac smooth muscle cell progenitors migrate to defined segments of the en dothelial channels and differentiate to form the spiral segments.
 
 IV. O ri g i n of the Card iac Cond u ction System The rhythmic contraction of the heart in higher ver tebrates is coordinated by electrical impulses generated and transmitted by the cardiac conduction system. Con duction disturbance by dysfunction of this essential tis sue is a direct cause of arrhythmia, leading to sudden death. Regeneration and/or repair of cardiac conduc tion tissue after heart injury or congenital disease has not been considered plausible; to date little is known about mechanisms that regulate differentiation and pat terning of this essential tissue. This is mainly due to the long-standing controversy concerning the ontogeny of the conduction system (see Chapter 12). The debate concerns (i) whether cells of the conduction system arise from the myocyte or neural crest lineage and (ii) whether the branched network of the entire conduction system is established by outgrowth from the common progenitor or by in situ linkage of subcomponents with independent origins. These questions have recently
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 Figu re 6 Model representing the differentiation of coronary arteries from migratory endothelial and smooth muscle progenitors (from Mikawa and Gourdie, 1996). Independent endothelial (red) and smooth muscle (yellow) precursors migrate from the proepicardium to the tubular heart during formation of the epicardial mantle. The endothelial cells first form sinusoidal sacs or channels. These sinusoids fuse along certain preferred axes, eventually forming capillary channels. Intracardiac smooth muscle cell progenitors migrate to defined segments of the endothelial channels and differentiate to form the spiral segments observed following retrovirus tagging.
 
 been settled, in large part by retroviral cell lineage stud ies in chicken embryonic hearts, as discussed in the fol lowing sections. A.
 
 To p o l og i cal C h a n g e s of I m pu l s e Con d uct i o n Path way d u ri ng Heart Deve l o p m e nt
 
 In contrast to invertebrate hearts, which stochasti cally reverse the direction of the contractile wave (see Chapter 5), the vertebrate hearts unidirectionally pump blood by the precisely timed contractile sequence of atrial and ventricular chambers. After formation of the tubular heart, but before it begins contraction, epithe lioid myocytes become electrically active. Action poten tials are first detected in the posterior inflow tract (the presumptive sinus venosus and atrium). These impulses propagate to the rostral end of the heart through gap junctions between the presumptive myocytes (Kamino et aI., 1 981). This caudal-to-rostral pattern of electrical propagation is sufficient for producing a caudal-to rostral contractile wave in the tubular heart (Fig. 7). However, once the four-chambered heart is established, electrical impulses from atria need to be transmitted to the apex of the ventricle, avoiding direct propagation to the basal part of the ventricle (Fig. 7). This topological shift of the pulse-transmission site in the ventricle de pends on the development and patterning of a special ized tissue called the "cardiac conduction system" (Tawara, 1906). This system consists of four subcomponents (Fig. 7); the sinoatrial node, the atrioventricular node, the atri oventricular bundle, and Purkinje fibers. Pacemaking
 
 action potentials generated at the sinoatrial node spread through atrial myocytes, initiating contraction of both atrial chambers. Unlike in tubular heart, the im pulse from the atrial myocardium does not propagate directly into the ventricular myocardium, but instead converges on the atrioventricular node, in which after a brief delay the action potential is propagated rapidly through the highly coupled cells of the atrioventricular bundle. Finally, activation is spread into ventricular muscle via the subendocardial and intramural network of Purkinje fibers (Fig. 8), thereby synchronizing con traction of the ventricular chambers of the heart (re viewed in Viragh and Challice, 1 982; Lamers et aI., 1 991). To address mechanisms governing the differenti ation and patterning of the cardiac conduction system, it is essential to determine the origin and lineage rela tionships of its cellular components.
 
 B . N e u ral C rest vs Myocyte O r i g i n of t h e Con d u ct i o n Syste m Cells in the cardiac conduction system are character ized by a diameter considerably greater than that of or dinary cardiac muscle cells, a reduced number of my ofibrils, and large accumulations of glycogen. In addition to their anatomical properties, they can be dis tinguished from contractile myocytes by their unique gene expression. Conduction cells contain a unique set of ion channels for pacemaker activity (Cavalie et aI., 1 983; Callewaert et aI., 1 986; Hagiwara et aI., 1 988; DiFrancesco, 1 995) and unique connexins for gap-junc tional electrical couplings between conduction cells (van Kempen et aI., 1 991; Gourdie et aI., 1 992, 1993;
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 Fig u re 7 Impulse-conducting pathways between two-chambered tubular heart and four-chambered heart. Arrows: direction of propagation of action potentials and contractile wave. Red: action potential-positive myocytes. Dark blue: cells of the cardiac con duction system. Light blue: action potential-positive conduction cells.
 
 Bastide et ai., 1993; Kanter et ai., 1 993; Gros et ai., 1 994). Importantly, conduction cells express genes that are usually restricted to neurons, e.g., neurofilament pro teins, and brain-associated glycoproteins (Sartore et at., 1978; Gonzalez-Sanchez and Bader, 1 985; reviewed in Gorza et ai., 1994). Both the coexpression of neural and muscle genes and the migration of neural crest cells into the heart (see Chapter 1 1 ) have proven puzzling in the determination of the origin of the cardiac conduction system and led to the suggestion of two possible origins: myogenic (Patten and Kramer, 1 933; Patten, 1 956) and neural crest (Gorza et ai., 1 988, 1 994; Vitadello et ai., 1 990).
 
 C . M atte rs of I n g rowth o r O utg rowth The development of the conduction system in em bryonic hearts has been studied in a number of species, including human (Wessels et at., 1 992), rat (Gourdie et at., 1 992), and avian (Vassal-Adams, 1982; Gourdie et ai., 1 993; Chan-Thomas et at., 1 993): In all cases, a ring like structure (Wessels et ai., 1992) at the atrioventricu-
 
 lar junction has been mapped as the initiation site of conduction system formation. The primary ring can be identified at E2 in the chicken (HH stage 15+) by prob ing the Msx-2 expression (Chan-Thomas et at., 1 993). Msx-2 expression extends to the proximal conduction system but does not occur in Purkinje fibers (Chan Thomas et at., 1 993). The Purkinje fibers cannot be iden tified immunohistologically until EI0 (Gourdie et at., 1 995). Thus, differentiation of the conduction system first occurs proximally and secondarily extends to the Purkinje fibers. Based on the proximal-distal wave of conduction system development, it was proposed that the "primary conduction ring" contains precursor cells which enable the progeny to differentiate into the entire conduction system (Wessels et at., 1 992; Lamers et at., 1991; Chan Thomas et at., 1 993). Neither morphology nor gene ex pression is adequate to address directly questions con cerning the ontogeny of the conduction system and the lineage relationships between its proximal and distal subcomponents. A clear resolution of these lineage re lationships has recently been obtained in retroviral cell
 
 2 Card iac Li n eages
 
 29 Purkinje fiber
 
 sm
 
 A
 
 .� m
 
 B
 
 Myocyte
 
 Pu rkinje fiber
 
 Inductive signal
 
 t
 
 Figure 8 Purkinje fiber differentiation within the myocyte lineage. (A) Periatrial localization of Purkinje fibers in the avian heart. Purkinje fibers (green) and atrial bed (red). (B) A subpopulation of clonally related myocytes expressing nuclear directed f3galactosidase (blue-stained nuclei) differentiate into periarterial Purkinje fibers (arrows). (C) Proposed model of induction of Purk inje fibers within the myocyte lineage.
 
 lineage studies on the Purkinje fiber network of the chicken embryonic heart (Gourdie et ai., 1995).
 
 D. Pu rki nj e F i b e rs Arise from C o n t racti l e Ve ntric u l a r Myocytes In the embryonic heart, the differentiating Purkinje fibers can first be detected as cells highly expressing a member of the connexin family, Cx-42, along the grow ing coronary arteries on E10 (Gourdie et at., 1 995). It is known that all cells in the epithelioid myocardium of the tubular heart differentiate into contractile myocytes by E2 (Manasek, 1968), whereas cardiac neural crest cells begin migration from the embryonic hindbrain at
 
 E2 or E3 and enter the heart at E4 (reviewed in Kirby, 1 993). Therefore, if Purkinje fibers are of neural crest origin, their precursors must be absent before E3. On the other hand, if the conduction cells are of myo genic origin, the precursor cells must be present in the beating tubular heart at E3. Retroviral-mediated genetic marking of single differ entiated and contractile myocytes in the E3 tubular heart and subsequent inspection of clonal populations have revealed that a subset of clonally related myocytes differentiates into conducting Purkinje fibers, invariably in close spatial association with forming coronary ar terial blood vessels. Importantly, infection of cardiac neural crest did not produce ,a-gal-positive Purkinje
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 fibers, and i n n o case did a clone containing both Purk inje fibers and cells of more proximal components of the conduction system such as the atrioventricular node and bundles, or sinoatrial component (Gourdie et aI., 1995). These data indicate that pulse generating and conduction cells are derived by localized recruitment of differentiated, beating myocytes specifically along the developing coronary arterial bed (Fig. 8). The lineage data do not support a hypothesis that the branched network of the entire conduction system is es tablished by outgrowth from the primary ring. It has also been shown that cells in the primary ring cease their proliferation very early in development (Thompson et aI., 1990). Both data suggest that Purkinje fibers have a different parental lineage from that of the proximal con duction system (Gourdie et aI., 1 995). The definite map ping of Purkinje fiber progenitor cells to a myocyte lin eage, and not to neural crest, allows us to study the mechanism of Purkinje fiber differentiation by analyz ing the process by which heart cells are converted from a contractile to a conductive lineage. The lineage data of independent origins for central and peripheral elements of the conduction system raise the question of how the central and peripheral components link in situ to form an integrated conduction network.
 
 E . Pote n t i al M ec h a n i s m s I nd u c i n g P u r k i nj e F i b e rs with i n t h e Myocyte Li n eage As described in section II,C, the coronary vascula ture does not arise by outgrowth from the root of the aorta but rather it migrates into the tubular heart from extracardiac mesenchyme (Mikawa and Fischman, 1 992; Poelmann et at., 1993; Mikawa and Gourdie, 1996) along with a proepicardial sheet (Hiruma and Hirakow, 1989; Ho and Shimada, 1988). In the avian, entry of these coronary precursors to the heart begins at E3 (Mikawa and Fischman, 1 992; Poelmann et aI., 1 993). Following inward migration, vasculogenic cells first form discontinuous endothelial channels, and subse quent fusion between endothelial channels by E6 and connection to the aorta establishes the closed coronary vessel network by E14 (Bogers et aI., 1 989; Waldo et aI., 1990; Mikawa and Fischman, 1992; Mikawa and Gourdie, 1 996). Coincident with this early vasculogenic process, recruitment of Purkinje fibers begins exclu sively in myocyte sUbpopulations juxtaposed to devel oping coronary arteries but not veins (Gourdie et aI., 1995). The close spatiotemporal relationship between Purkinje fiber differentiation and coronary blood vessel development suggests that an inductive role of coronary vasculature (i.e., coronary arteries) may recruit contrac tile myocytes to form Purkinje fibers. If coronary arter-
 
 ies play a role i n the recruitment o f Purkinje fibers from contractile myocytes, the vessel network may be a key factor in defining the branching pattern of the periph eral conduction system (Gourdie et aI., 1995, 1998; Mikawa and Fischman, 1996). As discussed in Chapter 1 1 , ablation of the cardiac neural crest alters the pattern of the coronary arte rial tree (Hood and Rosenquist, 1992), neural crest de rivatives are necessary for the survival of branches of the coronary artery system (Waldo et aI., 1994). Thus, there is evidence that neural crest-derived cells affect the development of coronary arteries. Although cell lin eage studies prove a myogenic origin for the Purkinje fibers, neural crest-derived cells may indirectly con tribute to their differentiation and network patterning through regulation of coronary arterial development. It remains to be seen if the induction and patterning of Purkinje fibers are in concert with the development of coronary arteries and the differentiation of cardiac neural crest cells.
 
 V. Conc l u d i ng Remarks Molecular and cell biological approaches have un covered the potentiality or plasticity of embryonic cells in their lineage commitment and terminal differentia tion, whereas genetics has been powerful in identifying genes or gene networks involved in these processes. Clone-based cell lineage data, together with fate map ping on a group of cells, define the timing and site at which embryos really induce the cardiac lineages and their differentiation and patterning. Except for neural crest derivatives, the lineage relationships of all cell types in the heart have been identified (Fig. 9). The cell lineage data lead to the following questions: (i) When and where is the endo cardial cell lineage established? (ii) What extracellular factors restrict bipotential myogenic precursors to either atrial or ventricular myocytes within the heart field in a spatially defined pattern? (iii) How is asym metrical mus-cle growth locally regulated in the genesis of muscular septa and papillary muscles? (iv) How are the branching patterns of coronary arteries de fined? What is the role of the cardiac neural crest in this process? (v) Which signals and cell types of the developing coronary arteries are responsible for induc tion and patterning of Purkinje fibers within the my ocyte lineage? and (vi) What mechanisms govern link age of the Purkinje fiber network to the proximal conduction system? Answers to these questions will contribute significantly to our understanding of the development and integrated function of the vertebrate heart.
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 Fig u re 9 The origin and lineage relationships of cardiac cell types. Each cardiac cell type is established by lineage diversification of embryonic cells which arise from one of three distinct origins: cardiogenic mesoderm, neural crest, or proepicardium. These data define the chronology and distribution for the development of all cell lineages in the avian heart.
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 tions of morphology or function, without the aid of bio chemical or molecular tools. Conclusions were ex pressed in a language of "potentialities," "potencies," and "tendencies" which appears unfamiliar today (Hux ley and De Beer, 1 934; Weiss, 1939; Needham, 1942). Nevertheless, these studies, along with those of limb for mation and lens induction, provide the basis for our cur rent understanding of organogenesis (Jacobson and Sater, 1 988). As the application of molecular techniques expands our knowledge of the cardiogenic program, a central aim remains the identification of molecular sig nals that regulate cardiac differentiation and morpho genesis. By identifying tissue interactions essential for heart formation, the early studies provide important clues toward this goal.
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 I . I ntrod uction
 
 I I . The H ea rt Field
 
 With the resurgence of interest in the mechanisms regulating vertebrate heart development, it is timely to review the results of embryological studies that have ex amined this process in amphibian embryos. Beginning almost a century ago, this work belongs to an era in which experimental analysis was restricted to observa-
 
 A recurrent term in older work is that of the "heart field," a term that sits uneasily with modern molec ular studies. Its context is a model of amphibian devel opment derived from explant culture and graft trans plantation experiments. These suggested that the early neurula embryo contained a series of overlapping re-
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 gions or "organ fields" (Weiss, 1 939: Needham, 1 942). Each field extended beyond the limits of the corre sponding organ, contributing as well to adjacent tissues. Each was established through inductive interactions during gastrulation and orderly development of the em bryo depended on their positions and relative strengths. The field concept therefore combined a descriptive (or geographical) element with the idea that regions of the embryo were spatially organized in a state of dynamic equilibrium. Attempts to codify a definition of organ fields emphasized two properties that were evident from embryological experiments; the regulative behav ior of fields and their transitory character (Weiss, 1 939). In response to subdivision or addition of tissue, an or gan field would reorganize to encompass its new size, but this organizing ability declined during development. Amphibian heart formation provided a clear exam ple of such behavior and investigators used a combina tion of grafting and tissue explanation to study the ca pacity of heart field tissue to undergo morphological differentiation (Copenhaver, 1955). These studies pro vided a detailed description of cardiac morphogenesis and also identified a number of tissue interactions that influenced this process. From a modern perspective, the limitations of this work lie not in the imprecision of the heart field concept itself but rather in the inability of early investigators to distinguish between cellular dif ferentiation and morphogenesis. In reviewing these studies, a further difficulty is the use of several different amphibian species, each with its own staging system and rate of development. Urodele embryos (particu larly Triturus and Ambystoma) were commonly used, whereas in recent years the anuran Xenopus has pre dominated as the laboratory amphibian. To simplify matters and facilitate comparisons, we have therefore avoided use of stage numbers and resorted instead to less precise descriptive designations of developmental stage.
 
 A. H e a rt Format i o n i n t h e U ro d e l e , Ambystoma The most detailed description of the origins and for mation of the amphibian heart have come from studies of urodele embryos. Using a combination of histological observation and vital dye mapping, these studies have identified regions of the early gastrula embryo destined to form the heart tube and traced the location of heart precursors through subsequent relocation that charac terizes amphibian cardiogenesis. The classical fate maps for urodele embryos were provided by the studies of Vogt (1929) and subsequently ammended by Pasteels ( 1942) for the axolotl, Ambystoma. Reinvestigations in the modern era (Nakamura et at., 1978; Cleine and Slack, 1985) largely confirm the classical fate map of the
 
 urodele early gastrula embryo. Using these data, the fol lowing summary of heart formation in the axolotl is drawn from the studies of Copenhaver (1926, 1930, 1939a,b, 1 955), Fales (1946), and Wilens (1955) (Fig. 1 ). The prospective heart region is not identified in the urodele fate maps but has been inferred to comprise a pair of mesodermal rudiments in the deep rather than superficial marginal zone, immediately lateral to the blastopore lip (Jacobson and Sater, 1 988). In this loca tion, the heart precursors lie at the anterior edge of the involuting mesoderm, immediately adjacent to anterior endoderm. Explant assays show that anterior endoderm is capable of differentiation into liver, stomach, and esophageal endoderm (Holtfreter, 1939), and fate map ping indicates that it forms the pharyngeal endoderm in tailbud embryos (Cleine and Slack, 1 985). As the meso dermal mantle advances anteriorly during gastrulation, the presumptive heart regions remain in apposition to the pharyngeal endoderm and come to lie at the ante rior of the embryo, lateral to the future hindbrain re gion of the neural plate and beneath the otic ectoderm (placode). This arrangement is disrupted during neural tube formation as the overlying ectoderm moves medi ally while the two heart rudiments simultaneously move toward the ventral midline. By the tailbud stage, the heart rudiments lie on the ventral side of the embryo adjacent to endoderm of the anterior archenteron floor, whereas the endoderm with which they were previously associated shows little relative movement and forms the dorsolateral walls of the foregut (Wilens, 1 955). As the anterior, lateral mesoderm approaches the ventral midline, it divides into a thick, somatopleural layer, separated from a thin splanchnopleure. In the heart region, the former will give rise to the ventral lin ing of the pericardium, whereas the latter forms the en docardium and myocardium. Prior to fusion of the two heart rudiments, a population of cells separates from the medial borders of the splanchnopleure and spread between the endoderm and the splanchnic mesoderm. These become the endocardial cells of the heart and their mesodermal origin is confirmed by vital dye mapping experiments (Wilens, 1955). The pericardial cavity between the two mesodermal layers becomes en larged and the ventral borders of the splanchnopleure fuse to form the ventral mesocardium. The central mass of endocardial cells then becomes organized into a tube structure which is progressively enclosed by dorsal fusion of the myocardial layers. Fusion occurs in a cephalocaudal direction and is accompanied by the on set of contractions, which commence in the anterior re gion of the heart tube but extend to regions in which dorsal fusion of the myocardium has not yet occurred (Copenhaver, 1939a). The simple linear heart tube at this stage encom passes the bulbus, ventricular, atrial, and sinus regions in
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 Fig u re 1 (A) Sections through the heart-forming region from the appearance of endo cardial precursors, just prior to ventral fusion of the heart mesoderm (stage 25), to the for mation of a linear heart tube (stage 34), Cross sections through the ventricular (upper) and atrial (lower) regions of the heart tube are shown. E, endocardial rudiment; EC and Ect, ec toderm; EN and Ent, endoderm; End, endocardium; ME and Mes, mesoderm; My, my ocardium; Pc, pericardial cavity; Vm, ventral myocardium, (B) Heart tube looping in the ax olotl.The linear tube (stage 34), which initially shows a clear leftward inclination, loops to the right in the future ventricular region (stage 36). By stage 41, the sinus venosus (S), atrium (At), ventricle (V), bulbus cordis (Bc), and truncus arteriosus (Ta) can be distinguished, sep arated by the sinoatrial (Sa), atrioventricular (Av), and bulbotruncus (Bt) junctions. This is seen most clearly if the rightward loop of the ventricular region is lifted to the left (stage 41) [drawings of the heart-forming region in embryos of the axolotl, Ambystoma punctatum, by Copenhaver (1926, 1939a,b), based on a compilation shown in Rugh (1962)],
 
 linear cephalocaudal sequence which become progres sively more delineated. Contractions are initially re stricted to the bulbus and ventricular regions compris ing the cephalic or anterior two-thirds of the tube. Atrial contractions commence immediately prior to the onset of circulation. At its caudal (posterior) end, the endocardium broadens and separates into left and right halves of the sinus venosus rudiment which extend around the anterior border of the liver, joining the vitelline veins and Cuverian ducts. Contractions in the sinus venosus are detected last, after circulation has commenced. Left and right heart rudiments make an equal contri bution to the heart tube, as revealed by the ordered re striction of vital dye staining applied to one rudiment at the onset of neurulation and maintained in the same half of the heart tube in the tailbud embryo (Wilens, 1955). However, after circulation has commenced, dye label from the left side of the tube shifts rightward
 
 across the midline. This is most pronounced in the ven tricular region, which is almost entirely stained by tissue from the left rudiment. The explanation for this lies in the onset of heart looping; the ventricular region of the linear tube first shifts to the right and rotates to move the left side of the ventricle over to the right. Simulta neous expansion of the ventricular region results in a characteristic S-shaped heart. The sinus lies posterior to the atrium, which connects by a broad opening at its posterior end to the ventricle. The ventricle lies ventral and largely posterior to the atrium, on the right side of the embryo. At its anterior end, the ventricle opens to the conus, which extends anterior and leftward to the bulbus, from which the aortic arches arise (Fales, 1 946). At this stage of development, the heart is uniformly thin walled and is relatively broad in cross section but short along the anteroposterior axis. In subsequent tad pole stages, the sinus endocardium becomes completely surrounded by myocardial tissue and forms a definite
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 chamber, the separate chambers become more distinct as the sinoatrial, atrioventricular, and ventriculobulbus junctions become delineated, and the heart extends along the anteroposterior axis. As looping continues, heart size increases threefold and the ventricle wall be comes thickened and trabeculated. Shortly after the on set of feeding, the tadpole heart has achieved its final form (Copenhaver, 1939a; Fales, 1946).
 
 B. Heart Format i o n i n t h e An u ra n , Xenopus The origins and location of heart-forming tissue in the early Xenopus embryo are well established from modern fate-mapping studies (Keller, 1975, 1976).While the precise topographies of early gastrula are somewhat different between Ambystoma and Xenopus, reflecting differences in gastrulation, the relative arrangement of heart precursors and adjacent tissue is broadly similar. In Xenopus, unlike other amphibians, mesoderm originates entirely from within the deep layer of the marginal zone during gastrulation. Fate mapping with vital dyes has established that the pair of heart precur sors lie at the anterior edge of the involuted mesoderm in the early gastrula, flanked medially by the chordame soderm (presumptive notochord) and laterally by somitic mesoderm. They therefore lie beneath the suprablastoporal, superficial layer (which forms the en dodermal archenteron roof), and the preinvolution mesoderm of the deep layer which will occupy more posterior positions in the neurula embryo (Keller, 1 976). A similar location is suggested by explant studies in which regions of marginal zone were tested for their ability to give heart differentiation in culture (Sater and Jacobson, 1989; Nascone and Mercola, 1995). Projected onto the surface of the early gastrula, these regions lie above the dorsal lip, minimally estimated as spanning 15° on either side of a dorsomedial 60° segment, gener ally considered to define the Spemann "organizer." In this location, the heart precursors are intimately associ ated with two regions of endodermal tissue which they retain throughout gastrulation: a region of deep endo derm that is driven anteriorly by gastrulation move ments and the dorsolateral bottle cells which are pulled along by the involuting mesoderm. The precise fate of deep endoderm is unclear, but it probably contributes to pharyngeal and branchial regions (Sater and Jacob son, 1989), whereas the dorsal and dorsolateral bottle cells give rise to endoderm of the pharynx (Keller, 1981; Gerhart and Keller, 1986; Sater and Jacobson, 1 989). Throughout gastrulation the heart mesoderm appears as a loose crawling population rather than a cohesive sheet (Gerhart and Keller, 1 986). At the onset of neu rulation, it has come to lie adjacent to the anterolateral
 
 edges of the neural plate. By the early tailbud stage, the heart mesoderm has migrated to the ventral midline. Terminal differentiation commences shortly afterwards, as judged by cardiac muscle-specific gene expression (Logan and Mohun, 1 993; Chambers et aI., 1994; Drys dale et aI., 1994), followed shortly by heart tube forma tion and contraction. Subsequent steps in heart tube looping and chamber formation have been detailed by Nieuwkoop and Faber (1956) and are similar to the course of axolotl heart formation (Fig. 2). By feeding stage, the myocardium of the ventricle has become tra beculated and the single atrium has divided, yielding the three-chambered heart characteristic of amphibians.
 
 I I I . Specification of the Amphi bian H ea rt Field Explants of amphibian embryos will survive and con tinue to develop without the need for complex nutrients or growth factors in the culture medium. This con venient property has been exploited throughout this century to study heart formation. Early studies [most notably of Ekman (1921 , 1 924), Stohr (1924), and Copenhaver (1926)] demonstrated that explants of the ventral, heart-forming region from tailbud embryos from urodele and anuran species could differentiate into heart structures. Differentiation occurred within ectodermal jackets, usually derived from the original explanted fragment, producing ectodermal vesicles within which a beating heart tube with distinct cham bers and looped morphology could be observed. Similar results were also obtained with explants from younger embryos, although these showed a reduced frequency of heart formation. Inclusion of underlying endoderm in variably improved the extent of explant differentiation, as judged by a variety of criteria such as size, chamber formation, degree of looping, or length of culture before beating. In principle, such results could indicate a progressive specification of cardiac fate in the mesodermal heart rudiments during neurula and tailbud stages. However, since the explants frequently included other tissue asso ciated with the heart precursors, the results could also reflect the presence of heart-inducing capacity of adja cent tissue. Transplantation experiments by Copen haver (1926) showed that at the tailbud stage, hetero topic grafts of heart mesoderm with its associated ectoderm formed hearts when moved to more poste rior, ventral regions, demonstrating that the endoderm normally underlying the heart mesoderm in urodele embryos was unnecessary for its differentiation. Taken together with the explant studies, this result suggested that the heart mesoderm of the tailbud embryo was al-
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 Fig u re 2 Transverse sections through the anterior ventral region of Xenopus laevis embryos. At tailbud stage 27, the bilateral mesodermal precursors of the heart can be seen between the en doderm and ectoderm layers prior to fusion. By stage 29, a linear heart tube has formed, compris ing myocardial (MC) and endocardial (EC) layers enclosed within the pericardium (PC). The dor sal mesocardium is more evident in later sections (stages 32 and 34). By stage 36, the heart tube adopts a tight S shape as looping commences, and transverse sections therefore pass through the heart tube region twice. As looping continues, the future atrial and ventricular regions of the tube are more clearly separated (stage 40). (Note that the endocardial layer is poorly resolved in loop ing stages.)
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 ready specified t o undergo cardiac differentiation. A similar capacity for self-differentiation was found in a small proportion of endoderm-free mesoderm explants from neurula embryos as early as the neural plate stage, indicating that specification may precede ventral migra tion and fusion of the heart rudiments. After changes to the salt composition of the culture medium, beating tis sue was also obtained from a small proportion of ex plants at this stage, even in the absence of any ectoder mal jacket (Bacon, 1 945). Better differentiation resulted if the tissue was implanted into the gastrocoele cavity of tailbud embryo hosts. Attempts to establish whether heart mesoderm of urodele embryos was specified even earlier (Copenhaver, 1 926; Bacon, 1945) foundered on the difficulty of removing all endoderm from gas trula explants (Chuang and Tseng, 1 957; Jacobson and Duncan, 1 968). In Xenopus, little difference is seen in the proportion of neurula and tailbud mesoderm explants that undergo heart differentiation in the absence of endoderm. Spec ification of each heart rudiment therefore appears to be complete by the early neurula stage. Explants from late gastrulae will also yield beating tissue at a lower fre quency, although the presence of pharyngeal endoderm improves the extent of heart differentiation (Sater and Jacobson, 1989). The critical events of heart specifica tion in Xenopus therefore occur during gastrulation and comprise two distinct inductive interactions. Embryos lacking the organizer region of the dorsal marginal zone during early gastrula stages fail to form heart tissue, despite the presence of presumptive car diac mesoderm. In contrast, early gastrulae lacking the heart-forming regions but retaining the organizer re gion retained some ability to form beating hearts (Sater and Jacobson, 1990b). Classical organizer grafts pio neered by Spemann and Mangold (1924) result in axis duplication in which the duplicated heart is derived from host ventral mesoderm. Together, these results in dicate that signals from the organizer are essential for specification of heart precursors and that such signals can respecify adjacent mesoderm either after extirpa tion of the heart-forming regions or after transplanta tion into the ventral side of the gastrula (Sater and Ja cobson, 1990b). Signaling by the organizer, however, is required only early during gastrulation since its removal in mid- and late gastrula stages has no effect on heart formation. Large explants of dorsal marginal zone from early gastrulae of Xenopus yield beating tissue with only low frequency despite including both organizer and pro spective heart mesoderm tissue (Sater and Jacobson, 1989). The explanation for the result lies in the exis tence of a second signal which is also required before heart mesoderm becomes specified (Nascone and Mer-
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 cola, 1 995). This signal originates from the anterior deep endoderm and can be demonstrated in two ways. First, removal of anterior deep endoderm from early gastrula dorsal marginal zone explants dramatically reduces the frequency of heart formation. Second, respecification of ventral mesoderm explants by culture in association with organizer tissue is successful only in the presence of anterior deep endoderm. These experiments lead to a model of heart specification for Xenopus in which sig nals from the organizer, responsible for dorsoventral patterning of the newly forming mesoderm, combine with inductive signals emanating from immediately ad jacent anterior endoderm. Together, they specify a car diac fate for anterolateral regions of dorsal mesoderm. A similar model could also apply to urodeles, with the qualification that endodermal signaling appears more protracted though development and specification is not complete until much later in development. This would account for the low frequency of heart formation ob tained with heart mesoderm explants from urodele early neurulae (Bacon, 1945; Chuang and Tseng, 1957; Jacobson, 1 960; Jacobson and Duncan, 1 968). It would also explain the association of heart formation and pharynx differentiation noted for explants of gastrula marginal zone cultured with anterior endoderm tissue (Amano, 1 958).
 
 C. Expe r i m e ntal I n d uction of Hearts i n Oth e r Reg i o n s o f M e s o d e rm There are several reports describing experimental in duction of hearts from mesoderm that might not have experienced both organizer and endodermal signals. Ekman ( 1 925) found that Bombinator mesoderm from the gill region contributed to heart formation when transplanted between the bilateral heart primordia, whereas more caudal mesoderm remained unincorpo rated. While it is possible that the graft tissue included a portion of the donor heart field, it may also be that in ductive signaling from the host heart fields, the underly ing endoderm, or both induced cells of the graft tissue to form cardiac tissue. Bacon (1945) reported a similar outcome using Ambystoma early gastrula donors to provide grafts of presumptive mesoderm from the mar ginal zone. Grafts were chosen to avoid the regions of presumptive heart mesoderm but may have included endodermal precursors. They nevertheless gave rise to hearts when used to replace the entire fused heart field of host embryos. Newly ingressed dorsolateral meso derm (presumptive somite or pronophros) from late gastrulae was also tested but proved to be unaffected by the transplantation. Instead, such grafts differentiated independently to form somitic muscle or pronephric tubules in their ectopic location.
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 The induction of heart tissue from regions of mar ginal zone that exclude the presumptive heart meso derm has also been reported by Amano (1958). Ex plants of marginal zone from the early gastrula of Triturus could be induced to form heart tissue by blasto poral presumptive endoderm, irrespective of their orig inal location in the embryo. Indeed, the frequency of cardiac differentiation was greatest with explants of the ventral marginal zone. It is difficult to reconcile these examples of heart induction with the simple two-signal model proposed from studies of Xenopus. At the least, they deserve reexamination and they serve to empha size the provisional character of the current model.
 
 IV. Reg u lative Properties of the Heart Field The amphibian heart field provides a dramatic exam ple of regulative behavior by embryonic tissue in re sponse to pertubations. Extirpation of the fused heart rudiment in early tailbud embryos of both urodeles and anurans has long been known to result in regulative re placement by adjacent lateral mesodermal tissue and the formation of either single or bilateral ectopic hearts (Ekman, 1921, 1 925; Copenhaver, 1 926). Indeed, only by removing both the ventral heart rudiment and a consid erable portion of adjacent anterior lateral tissue (e.g., by replacing it with posterior ventral graft tissue) can heart formation be prevented (Copenhaver, 1 926). Left and right sides of the heart field each have the capacity for heart differentiation. Hence, if the two heart rudiments are prevented from fusing on the ven tral midline (either by a physical block or by hetero topic graft tissue), a pair of hearts will result (Ekman, 1 925; Copenhaver, 1 926) . Even after fusion of the left and right primordia, physical splitting of the field can result in the formation of mUltiple hearts. In one such study, Ekman (1927) obtained as many as five hearts by repeated subdivision of a single heart field. Heart forming ability therefore extends throughout the heart field, encompassing tissue that would not undergo car diac differentiation in normal development. Only rela tively small regions of the field are necessary to obtain an entire heart tube. Selective extirpation of either left or right sides of the field prior to fusion reveals a notable asymmetry in the ability of the remaining side to differentiate. While left sides develop into reasonably well-formed hearts, right sides differentiate only poorly (Copenhaver, 1 926) . Does this reflect inherent differences between the tissue comprising the left and right sides of the field or is it due to the sidedness of their position? Heart mesoderm from the left side of urodele embryos has
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 been reported to differentiate more completely i n ex plant culture than that from the right side (Goertller, 1 928), suggesting that differences may be inherent to the tissues. Similar differences have also been reported in the development of left and right twinned hearts, pro duced when fusion of the two fields is prevented. How ever, embryos in which the left field is replaced by a second right field prior to fusion (or vice versa) subse quently form a normal, ventrally located heart (Copen haver, 1 926), suggesting that left and right sides possess equivalent heart-forming potency. Differences in the development of twinned hearts have also been attrib uted to mechanical effects of the field-splitting proce dure rather than differences inherent to each side of the heart field (Fales, 1946). The regulative behavior of the heart field is not only observed in response to reductions or divisions in the heart field but also has been found after experimental enlargement of the field. Thus, if the anterior ventral mesoderm of a urodele tailbud embryo is grafted on top of the same tissue in a second, a single heart usually re sults (Copenhaver, 1926). While this is initially larger than usual, it subsequently becomes more normal in size.
 
 A. Polarity of t h e H ea rt F i e l d I n chick embryos, lineage labeling studies have shown that ventricular and atrial precursors lie in dis tinct regions of the lateral heart fields and their antero posterior (AP) pattern corresponds to that of the fused, linear heart tube. While equivalent fate-mapping stud ies are probably not feasible with amphibian embryos, early grafting experiments do provide evidence of a similar AP patterning in the heart field. Thus, 1800 rota tion of the fused heart field about its AP axis reverses the subsequent orientation of the heart tube (Stohr, 1 925; Copenhaver, 1926; Ekman, 1 929) and the same re sult can be obtained in some species prior to ventral fu sion. Similarly, heterotopic grafting of the fused heart field to more posterior ventral locations yields ectopic hearts which develop according to the AP axis of the graft rather than that of the host embryo (Copenhaver, 1 926). Finally, in experiments to enlarge the heart field by superimposing a second heart field on that of the host, reversal of the graft field resulted in independent differentiation of a second heart rather than incorpora tion into the host heart. These experiments demonstrate AP polarity of the heart field before fusion of the left and right heart rudi ments but do not indicate when this polarity is estab lished (Copenhaver, 1 955). The relatively narrow width of the prospective heart rudiments during neurula stages and the absence of early cardiac lineage markers
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 currently preclude any experimental approaches to this problem other than the use of graft reversals. The existence of AP polarity prior to differentiation does not preclude regulation along this axis of the heart field, either before or even after the heart tube has formed. In urodeles, complete hearts can develop, de spite extirpation of the anterior half of the fused heart field. They can also be obtained from heart fields com prising two anterior or two posterior halves, indicating that regulative ability is present in both regions. Even after the linear heart tube has formed, relatively normal hearts develop after local ablation of regions within the heart tube (Copenhaver, 1 926). In this case, regenera tion of the ablated tissue presumably results from local proliferation within the heart tube rather than regula tive reprogramming of noncardiac tissue. Nevertheless, it demonstrates that the signals which establish or main tain AP patterning of the heart field continue during heart tube differentiation. Recent molecular studies have identified differences in gene expression between dorsal and ventral sides of the heart tube (Biben and Harvey, 1997; see Chapters 7 and 9) and these may well be important in the process of heart looping (see Chapter 22). However, from embryological studies there is little evidence for prior dorsoventral po larity in the amphibian heart field (Copenhaver, 1955).
 
 V. Card iac Differentiation and the H ea rt Field Anterior lateral mesoderm flanking the heart rudi ment contributes to a variety of tissues during normal development, including mesenchyme, mesothelium, and pronephros. Its capacity to form heart tissue through regulative reprogramming prompts a question central to our understanding of heart differentiation: What sig nals restrict heart formation to the most ventral portion of the heart field during normal development? The rel atively broad size of the heart field that emerges from gastrulation presumably reflects the extent of initial in ductive signaling specifying a cardiac fate to newly formed mesoderm. Consistent with this, expression of the tinman homologs, XNkx2.3 and XNkx2.5, is de tected in broad domains of the early neurula that co incide with the bilateral heart fields (see Chapter 7). However, since much of this tissue does not normally undergo cardiac differentiation, it must be exposed to other signals within the embryo that divert it to other fates. These cannot originate from endoderm or ecto derm immediately adjacent to mesoderm of the heart field because such tissue can be included in explants without inhibiting heart differentiation. On the con trary, a stimulatory role for anterior endoderm is well
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 established and there i s some evidence for a similar but nonspecific effect of epidermis (Jacobson, 1960; Jacob son and Duncan, 1 968). Normal heart formation is restricted to the most ven tral region of the heart field, and after removal of the heart rudiment, ectopic heart differentiation is also gen erally restricted to the most ventral edge of the lateral mesoderm. This suggests that inhibitory signals may be dorsoventral in character. One possibility is that they originate from the heart rudiment itself, with ablation of this tissue thereby relieving adjacent mesoderm from its inhibitory influence. However, in explant culture, com binations of anterior ventral and lateral mesoderm from Xenopus tailbud embryos both make substantial contri butions to the resulting heart tube (T. Mohun and M. Logan, unpublished observations), and there is little di rect evidence in support of this proposal. An alternative model is that inhibitory signals origi nate from dorsal, axial structures of the embryo and there is some evidence from urodele embryos to sup port this view. In explant cultures, inclusion of neural plate or neural fold tissue suppresses the capacity of ei ther whole embryo mesoderm or anterior lateral meso derm to form beating hearts (Chuang and Tseng, 1 957). This effect can be obtained with anterior or posterior neural tissue, although the former has a more potent ef fect (Jacobson, 1 960). Conflicting results have been re ported for the effect of notochord in such assays (see Jacobson, 1961). While these experiments clearly demonstrate an in hibitory role for neural tissue, it seems unlikely that this is sufficient to account for ventrally restricted cardiac differentiation within the heart field. In heart ablation experiments, ectopic hearts tend to form at the ventral most edge of the lateral mesoderm, but if wound closure is poor, this constitutes a much more dorsal position than normal. Furthermore, grafting of neural plate tis sue into the presumptive heart region of urodele early tailbud embryos does not prevent heart formation on either side of the graft (Jacobson, 1961). These observa tions point to the presence of other influences in the embryo which can counteract the inhibitory effect of neural tissue. Anterior endoderm has long been consid ered a source of such an influence.
 
 A. The I nfl u e nce of E n d o d e rm o n Heart M o r p h og e n e s i s Explants of the heart field from neurula embryos dif ferentiate relatively poorly in the absence of underlying endoderm, as judged by their morphology, the length of culture before heartbeat, or the proportion showing beating structures (Stohr, 1924; Chuang and Tseng, 1957; Jacobson, 1 960; Jacobson and Duncan, 1968; Sater
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 and Jacobson, 1 990a). In the case of urodeles, such re sults could reflect the relatively prolonged period of en dodermal signaling required for cardiac specification. However, even with explants from tailbud embryos, the "qualitative" nature of differentiation is improved by the presence of endoderm. Similar effects can be seen with explants from Xenopus embryos, in which the role of deep anterior endoderm in heart specification is restricted to the period of gastrulation. This suggests that the endo derm has a second and more protracted role in which it acts as a stimulatory influence on the progress of heart morphogenesis. Recent studies of avian cardiogenesis point to a similar conclusion: an endodermal influence is critical for myofibrillogenesis and the acquisition of con tractility (Nascone and Mercola, 1996; see Chapter 4). While much of the evidence for the "formative influ ence" of the endoderm has come from the use of cul tured explants, support for this view has also come from embryo ablation experiments. Several studies have shown that if the entire endoderm is removed from early embryos, beating hearts fail to form (Balinsky, 1 939; Nieuwkoop, 1946; Chuang and Tseng, 1957; Jacob son, 1 960, 196 1 ; Jacobson and Duncan, 1968; Nascone and Mercola, 1 995). In Xenopus, the effectiveness of this operation is restricted to early gastrula stages (Nascone and Mercola, 1 995). In urodeles the propor tion of endodermless embryos producing a beating heart increases with the stage at which the ablation is performed, and by the onset of ventral fusion, the oper ation has no effect on heart formation (Jacobson, 1 961). The interpretation of these experiments is compli cated by two factors. First, ablation of the endoderm during a critical phase of heart mesoderm specification may be expected to block heart formation since no heart field will be established. This accounts for the ab sence of hearts after removal of endoderm at the gas trula stage (Jacobson and Duncan, 1 968; Nascone and Mercola, 1 995). It may also explain the same outcome with urodele neurula embryos. Second, the absence of hearts after endoderm ablation in older urodele em bryos may be due, at least in part, to the inhibitory in fluence of th neural tissue in the embryo. Thus, simulta neous removal of the entire neural plate and folds along with the endoderm restores heart differentiation (Man gold, 1954; Jacobson, 1 961). In urodeles, therefore, the combined results of explant and embryo ablation ex periments indicate that the heart fields are subject to antagonistic influences of the endoderm and neural tis sue (Chuang and Tseng, 1 957). Endodermless embryos have also been used in an as say to test the stimulatory effect of different regions of urodele endoderm (Jacobson, 1 961; Jacobson and Dun can, 1968). These experiments show that the ability to stimulate heart morphogenesis is restricted to a broad
 
 anterior domain (Jacobson, 1 961; Jacobson and Duncan, 1 968). Explant assays have provided a more precise lo calization, indicating that the most powerful effects are associated with endoderm directly underlying the heart fields at the neural plate stage (Fullilove, 1 970). In Xenopus, the stimulatory activity is also restricted to anterior endoderm and can be conferred on more pos terior ventral endoderm by ectopic expression of ante rior endoderm RNA (Tonegawa et aI., 1 996).
 
 B. The Axol otl
 
 c/c M utat i o n
 
 I n the axolotl, Ambystoma mexicanum, a recessive lethal mutation (c) causes incomplete differentiation of the myocardium. The mutation follows simple Mendelian laws and in homozygotes, the embryonic heart fails to beat and the tadpoles become edemic and microcephalic (Humphrey, 1 972). Mutant heart tissue contains apparently normal levels of most contractile proteins with the exception of tropomyosin (Erginel Unaltuna et aI., 1995), indicating that much of the nor mal cardiac differentiation program is unimpaired. However, the sarcomeric proteins are not organized into sarcomeric arrays (Hill and Lemanski, 1 979; Erginel-Unaltuna and Lemanski, 1 994; Lemanski et ai., 1 997). Such a phenotype indicates the the c mutation affects myofibrillogenesis during tailbud stages rather than the earlier events of heart mesoderm specification or car diac differentiation (Smith and Armstrong, 1991). The absence of beating tissue in the C/C mutant could result from a failure in the endodermal signaling that stimu lates heart morphogenesis, or it could result from fail ure of the mesoderm to respond. A number of studies have therefore attempted to establish which tissue is af fected in the c/c mutant. Transplantion of mutant heart primordium into nor mal hosts at the tailbud stage rescues beating in the mutant organ (Humphrey, 1972). In reciprocal experi ments, wild-type primordia are unable to form beating tissue in a mutant embryo. In explant culture, the rescu ing activity of wild-type endoderm is restricted to ante rior tissue (Lemanski et aI., 1979), as is its ability to stimulate morphogenesis in normal heart mesoderm. Myofibrillar organization in cc heart mesoderm can also be obtained with media conditioned by anterior endo derm (Davis and Lemanski, 1987) or total RNA ex tracted from the tissue (LaFrance et ai., 1993). These suggest that the c mutation affects some aspect of sig naling by the endoderm (Lemanski et ai., 1 995). However, explants of wild-type heart field from early neurula (i.e., prior to specification) can be induced to beat by coculture with either wild-type or C/C endo derm. In this assay, mutant endoderm therefore retains
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 inducing capacity. In addition, explants of c/c heart field from the same early stage cannot be rescued by wild type anterior endodermal RNA, unlike the older c/c heart rudiments used in earlier experiments (Smith and Armstrong, 1991). To reconcile such conflicting results, Armstrong and co-workers have proposed that specifi cation of heart mesoderm results in the appearance of both an activator and an inhibitor, in opposing gradients throughout the heart field (Smith and Armstrong, 1991, 1993; Honoway et al., 1994). Myofibrillogenesis is pro muted by a high ratio of activator to inhibitor, whereas a low ratio in lateral regions prevents them from con tributing to the final heart. In this model, the c mutation results in overproduction of inhibitor and/or underpro duction of activator. Whether the lesion blocking heart morphogenesis in the C/C mutant affects the endoderm or mesoderm, it is worth noting that processes other than myofibrillogen esis are affected. Thus, mutant embryos rescued by transplantation of wild-type heart mesoderm remain unable to feed and also suffer from heart valve defects (Smith and Armstrong, 1993).
 
 in the expression domains of the tinman homologs, XNkx2.3 and XNkx2.5 (Tonissen et al., 1994; Evans et al., 1995). Furthermore, lateral explants that have lost their heart-forming capacity still activate expres sion of cardiac muscle-specific markers (T. Mohun and M. Logan, unpublished observations). TIlese results suggest that, as in avian embryos, heart morphogenesis in amphibians can be distinguished from prior steps of cardiac differentiation. Restriction of the heart field may therefore result from a failure in the capacity of anterior endoderm to stimulate heart morpho genesis, through either a loss of signaling capacity by the endoderm or a loss of responsiveness by antero lateral mesoderm. In heterochronic explant combina tions, heart-forming ability of older lateral mesoderm remains poor even in the presence of younger antero lateral endoderm (Sater and Jacobson, 1990a). This is consistent with a loss of competence by the lateral meso derm to respond to stimulatory, endodermal signals.
 
 VI. Restriction of the Heart Field during Development
 
 The embryological studies we have reviewed point to three main couciusions. First, the initial steps in estab lishing cardiac precursors occur during gastrulation, when regions of anterior mesoderm receive signals from the organizer and from adjacent anterior endo derm. It seems likely, although unproven, that the for mer defines the anterodorsal character of the heart mesoderm, whereas the latter imparts cardiac speci ficity. Molecular candidates for the organizer signal(s) include members of the fibroblast growth factor and transforming growth factor-J3 (TGF-J3) families, along with several other proteins expressed in the early gas trula embryo that have mesoderm-inducing or pattern ing activity (Smith, 1995; Heasman, 1997). Much less is known about the nature of the anterior endodermal sig nai, but recent studies suggest two possible components. In Xenopus, the secreted protein, Cerberus, is localized in the anterior endoderm in the gastrula embryo and can induce expression of tinman homologs in explants of presumptive ectoderm (Bouwmeester et al., 1996). The homeobox protein, Hex (Newman et al., 1997) is also localized to this region and can induce ectopic Cer berus expression in the embryo (M. Jones, personal communication). The combined effect of organizer and endoderm sig naling can be mimicked in explants of presumptive ec toderm by high doses of the TGF-J3, activin A (Logan and Mohun, 1993), and in the embryo these signals to gether specify the bilateral heart fields. The operational nature of this term is graphically illustrated by the fact th�t only part of each heart field actually forms the
 
 The ability of anterior lateral mesoderm to undergo regulative redirection to a cardiac fate does not persist beyond heart tube formation (Ekman, 1921; Copt>n haver, 1926). During tailbud stages, the heart field there fore becomes progressively smaller until it comprises the ventral mesoderm of the heart rudiment. This re striction has been carefully documented in Xenopus (Sater and Jacobson, 1990a) and is complete by the on set of terminal differentiation (Logan and Mohun, 1993; Chambers et a/., 1994; Drysdale et a/., 1994). Since cells of the anterior lateral mesoderm do not move more ventrally during tailbud stages, restriction of the heart field therefore reflects changes within this tissue rather than its relocation (Sater and Jacobson, 1990a). ',vhat is the nature of these changes? In the absence of molt:r:ular markers, heart-forming ability of explants ha:; �lways heen assessed using morphological criteria, with restriction of the heart field being identified as a decline in the cap&city of lateral mesoderm explants to form a heart tube. Since this is the outcome of a com plex multistep process, r�quiring both terminal differ entiation and morphogee.,til: changes, its failure could be caused in a number of different ways. One possibil ity is that it reflects a loss of .the cClpaci��r by anterior lat eral mesoderm to initiate terminal cardiac J;fi'erentia tion. However, restriction of the h��art field doe� '-;'8t appear to be accompanied by a comparable restriction
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 heart, whereas the entire region will undergo cardiac differentiation in explant culture. At the molecular level, the bilateral heart fields are marked by expression of the tinman homologs. While these proteins probably function as regulators of the cardiac-specific transcrip tion (see Chapter 7), ectopic expression outside of the heart field does not cause secondary sites of cardiac dif ferentiation (Cleaver et ai., 1996). For this reason, their expression in the heart field is probably insufficient to account for cardiac specification. Their role in regulat ing cardiac-specific gene expression probably depends on interaction with other transcription factors and these must be present throughout the heart field to allow its differentiation in explant culture. A second conclusion is that signals from anterior en doderm play an important role in facilitating heart morphogenesis (see Chapter 4). The distinction be tween this and the prior role of the endoderm in cardiac specification has sometimes become blurred. In part, this has occurred because heart specification is a rela tively protracted process in the urodele embryos fa vored for embryological study. It is also a consequence of the limited morphological assays that were originally available for scoring heart differentiation. For the same reason, it is unclear whether the signals stimulating my ofibrillogenesis are necessary prior to the onset of car diac differentiation. Nor do we know if heart morpho genesis requires their maintenance after terminal differentiation has commenced. A progressive restric tion occurs in the heart-forming capacity of tissue flank ing the prospective heart rudiment, probably as a result of loss of responsiveness to endodermal signaling. This, however, should be distinguished from any change in the ability of anterolateral mesoderm to initiate cardiac differentiation in explant culture, which has yet to be studied. Finally, embryo manipulations have demonstrated that the heart field is initially patterned in a dynamic manner. Both cardiac differentiation and morphogene sis are restricted to the anteroventral region of the field within the embryo, even after alteration of the field size. The patterning that underlies this regulative behavior originates at least in part from outside of the heart field since explants of the tissue are freed from such con straints. Inhibition from neural tissue plays some part in this patterning and a role for similar signals within the mesoderm has also been proposed. In a similar manner, the heart field is polarized along both anteroposterior and dorsoventral axes, but for a time, both can be rede fined after tissue reversal. Differentiation of cardiac tis sue from within the heart field is therefore regulated by a number of signals from different tissues in the em bryo. Identifying their molecular basis will be central to understanding cardiogenesis.
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 their life histories, because it is these events and changes in commitment that models of inductive interactions must attempt to explain. Following a review of these ba sic aspects of cardiac development, we proceed to con sider positive and negative tissue interactions that regu late cardiogenesis and finally to consider recent data in which the molecular basis of some of these tissue inter actions is beginning to be understood. The method throughout is comparative, with a given phenomenon examined in several species in order to extract fundamental principles as well as to understand how the cardiac developmental program can be modi fied in different organisms. It is also hoped that by discussing cardiac development in several vertebrate species, we will encourage workers on one species to try to integrate their results with the findings of those who work in other experimental systems. Primary attention is given to birds and amphibians since most vertebrate cardiac experimental embryology has been undertaken in these groups, but some mention is made of other or ganisms. Although progress has been made, we are far from a complete understanding of the molecular basis of cardiac induction. One of the goals of this review is to point out particular tissue interactions which have been well characterized at the tissue level but whose molecu lar basis is not understood, with the hope that such a discussion will stimulate further study of these embry ological events.
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 The main focus of this chapter is to review the cur rent state of knowledge concerning the tissue interac tions that regulate heart determination in vertebrates. Before we can discuss cardiac induction itself, however, we must review what is known about the timing of events during cardiogenesis and the degree of commit ment of cells to the cardiac lineage at various stages in
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 I . Fate Mapping A.
 
 Ch ick
 
 The determination of which embryonic cells con tribute to the chick heart has been the subject of study for over 50 years and has been approached using in creasingly precise methods (Fig. 1 ). The heart precur sors are among the first embryonic cells to gastrulate. Prior to stage 3, precardiac cells are found in the epi blast lateral to the midportion of the primitive streak (Rosenquist and De Haan, 1 966; Hatada and Stern, 1994). At the onset of gastrulation, at stage 3, heart pre-
 
 3
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 cursors are located throughout a broad zone i n the primitive streak, absent from only the most anterior (where Henson's node precursors are found) and pos terior portions of the streak (Garcia-Martinez and Schoenwolf, 1 993). The precursors then leave the streak and enter the nascent mesodermal layer, where they mi grate in an anterior/lateral direction. Since they are among the first cells to gastrulate, the heart precursors are always found at the anterior leading edge of the mi grating mesodermal sheet. By stage 6 (early neurula), the precursors have come to occupy a crescent in the anterior lateral region of the embryo (Rosenquist, 1 966; Rosenquist and De Haan, 1966). Starting at stage 6, with
 
 4
 
 5
 
 6
 
 8
 
 9
 
 10
 
 Fig u re 1 Cardiac fate map of the chick embryo: The location of cells that will contribute to the heart, from stages 3 to 10. Prospective heart and differentiated heart cells are indicated by shading (adapted from Rosenquist and De Haan, 1966, with additional information from Garcia-Martinez and Schoenwolf, 1993).
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 the formation of the head fold and the anterior intesti nal portal, the lateral regions of the anterior embryo be gin to approach each other to form the foregut. As a part of this process, the heart precursors in the lateral plate are brought together on the ventral surface of the forming foregut. By stage 10, the precursor regions from the two sides of the embryo have fused to form the tubular heart, which begins beating at this time (Rosen quist and DeHaan, 1966).
 
 B. Am p h i b i a n s Amphibian heart development has classically been followed in urodeles and, recently, in the anuran Xeno pus laevis (see Chapter 3). In urodeles, classical studies have localized heart precursors to the lateral edges of the blastopore (Vogt, 1929; Holtfreter, 1938). These re gions gastrulate over the lateral blastopore lip and, by early neurula stages (stage 14), are found in the anterior mesoderm lateral to the hindbrain (Wilens, 1955). Sub sequently, the bilateral heart primordia move ventrally toward the anterior ventral midline, where they fuse (Wilens, 1955). Although the Xenopus heart fate map is similar to that of the urodeles that have been studied, there are some differences. At the onset of gastrulation, the Xenopus heart primordia are not located on the sur face of the marginal zone, as in urodeles, but rather in the deep marginal zone at the lateral edge of the blasto pore (Keller, 1976). As a result, the Xenopus heart pri mordia never actually migrate over the lip of the blastopore because they are already in the interior of the embryo at the onset of gastrulation. Nevertheless, after the onset of gastrulation they undergo a similar set of movements to those in urodeles and end up in the an terior ventral midline by tailbud stages (Keller, 1976). A comparison of the cardiac fate maps of avians and amphibians points to fundamental similarities as well as to some interesting differences. Gastrulation of the pre cardiac mesoderm takes place at homologous positions: the mid-primitive streak in birds and the lateral blasto pore in amphibians. In both classes of organism, the car diac primordia migrate anteriorly at the anterior edge of the spreading lateral mesoderm and then move ven trally to their definitive location in the anterior ventral midline. However, while the order of events is quite similar in birds and amphibians, the duration of each stage is quite variable. Migration of the primordia to the anterior ventral midline is relatively delayed in amphib ians when compared to birds. Thus, in birds, cells ap proach the anterior ventral midline and begin terminal differentiation as the first somites are forming; in am phibians, the somites are well formed before the heart tube begins to form.
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 I I . Acq u isition of a Card iac Fate: The Ti m i ng of Specification and Com m itment Fate maps establish, at each stage of development, which embryonic cells will contribute to the heart, but fate maps do not provide information regarding the state of commitment of these cells to the cardiac lin eage. One source of information on the state of specifi cation of cells comes from experiments in which tissues from within the cardiac fate map are removed from the embryo at various stages of development and placed into foreign environments. The ability of the prospec tive cardiac cells to differentiate into heart tissue is then evaluated. Traditionally, cells are considered "specified" if they can differentiate into heart when placed into a "neutral" environment, such as tissue culture medium, and are considered "determined" (a higher level of commitment) if they can differentiate into heart even when placed into "antagonistic" environments, such as noncardiogenic regions of the embryo (Slack, 1991).
 
 A. C h i c k Prior to gastrulation, when chick precardiac cells still reside in the epiblast (i.e., prior to stage 3), they will not differentiate into cardiac muscle (as defined by under going rhythmic beating or expressing sarcomeric my ofibrillar proteins) when placed into tissue culture (Holtzer et al., 1990; Yatskievych et al., 1 997). Hence, current evidence suggests that heart tissue is not speci fied prior to gastrulation. In contrast, if precardiac tissue is explanted after it has moved into the primitive streak, at stages 3 and 4, it will then undergo cardiac differenti ation (Gonzalez-Sanchez and Bader, 1 990; Holtzer et al., 1990; Montgomery et al., 1994). It must be kept in mind, however, that this stage 3 or 4 mid-primitive streak tissue is heterogeneous; in addition to heart precursors, it also contains the precursors of other tis sues, including endoderm, which, as discussed later, has cardiac-inducing properties. Two other types of assays have been performed on precardiac cells residing in the primitive streak. If, in stead of being cultured as a mass, the cells are instead dispersed and grown at low density, then very little if any cardiac differentiation is observed (Montgomery et al., 1 994), suggesting that precardiac cells in the primi tive streak are not specified at the individual cell level (note that it cannot be determined from these experi ments where the cells are blocked in the differentiation process). Finally, if the precardiac region of the stage 3 primitive streak is transplanted to the posterior, non cardiogenic region of a similarly staged embryo, the transplanted tissue does not undergo cardiogenesis, im-
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 54 plying that this tissue is not yet determinp.J to undergo cardiogenesis (Inagaki
 
 et al., 1993) Taken together, the
 
 data suggest that, when resiJi;lg in the primitive streak, precardiac cells themselves do not have a high degree of commitment to the cardia� lineage. However, when cul tured in a manner that allows them to interact with the1f neighbors, cardiac differentiation will take place, sng gesting that at this stage cell-cell interactions are neces
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 sary for cardiogenesis. Once chick precardiac cells enter the mesoJerm.al layer, they acquire a greater capacity for autonomous differentiation. Initially, as precarciIac cel1..s rnigrate
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 Figure 4 Nkx2-5 can rescue visceral but not cardiac muscle in tinman mutants. A-D, Wild-type embryos; E-H, tinman mutant embryos; I-L, tinman mutant embryos expressing a tinman transgene; M-P, tinman mutant embryos expressing an Nkx2-5 transgene. Fasci/in III stains visceral muscle, eve and zfh-l stain pericardiaI cells of the heart, and Mef-2 stains all muscle lineages. For all embryos, anterior is to the left. A,B,E,F,I,J,M,N, lateral views C,D,G,H,K,L,O,P, dorsal views. Note that tinman rescues visceral and cardiac markers in tinman mutant em bryos, whereas Nkx2-5 rescues only visceral markers. vm, visceral mesoderm; epc, eve positive cells; pc, pericardial cells; cc, cardial cells. (Ranganayakulu et ai., 1998, © Company of Biologists, Ltd.)
 
 via independent adaptations to an underlying NK-2dependent genetic pathway. The results may also have general relevance to a proposal that the muscular ves sels of oligochaete worms, which have often developed further into heart-like organs, are of visceral myogenic origin (Martin, 19S0; Stephenson, 1 930). While our un derstanding of cardiogenesis in vertebrates may con tinue to benefit from genetic analysis of heart formation in flies, it seems that this will relate only to the nature of their ancient common visceral-like program.
 
 XI I . Nkx2-S Knockout Phenotype A mutation in the Nkx2-5 gene has been generated by gene targeting (Lyons et aI., 1995). The knockout al lele inserts a neomycin drug-resistance cassette into the conserved and essential helix 3 of the homeodomain. Homozygous embryos show growth retardation begin ning around ES.5-9 and they die over the next 1 or 2 days, apparently from cardiac insufficiency. A linear
 
 heart tube forms and begins to beat but fails to undergo correct looping morphogenesis (Figs. SA-C). With sub sequent development, the tube remains in a largely lin ear conformation, with dilatation and edema occurring as embryos enter their demise. Dissection of mutant hearts clearly shows the linear relationship between the body of the heart and the outflow tract (Fig. SB), al though some asymmetry in the caudal region is evident (Fig. SC). Mutant hearts have an endocardial and my ocardial layer, with ultrastructural details typical for that stage of development (Lyons et ai., 1 995). Other features, however, are highly abnormal (Figs. SD and SE). Chamber identity is indeterminate, although mar ker expression suggests some atrial and ventricular character can be developed (Lyons et ai., 1995). A sul cus forms in the region of the atrioventricular canal (AVC; Fig. SB), but further development of this struc ture is completely blocked and no endocardial cushions form (Figs. SD and SE). In the open atrioventricular chamber, trabeculation is poor or absent (Figs. SD and SE).
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 Fig u re 5 Targeted inactivation of Nkx2-5 leads to cardiac dysmorphogenesis at E8.5. (A) E8.5 embryos wild type ( + / + ) or mutant (-/-) for a targeted interruption in the Nkx2-5 gene. Note the looped heart tube in normal embryos, whereas at the same stage, mutant hearts retain a linear morphology. (B) Dissected heart tube of an E8.5 Nkx2-5- 1 - embryo. Ventral view showing the linear relationship between the open atri oventricular chamber (av) and the outflow tract (oft). (C) Caudal view of the same heart as in B. The sinus venosa (sv) show L-R asymmetry suggesting that Nkx2-5 - 1 - hearts can correctly interpret early laterality signals. (D,E) Sections through a heart of E9.5 wild-type (D) and Nkx25 mutant (E) embryos. Note developing endocardial cushions (ec) and trabeculae in the wild type but not in the mutant. at, atrium; av, atri oventricular chamber; v, ventricle. (F) Summary of the expression patterns of genes misexpressed in Nkx2-5 -1- hearts at ES.5-9.0 (see text). The expression pattern of the gene or transgene is depicted on the looped normal heart (left) and on the mutant heart (right). [Parts A, D, and E reprinted from Lyons et al. (1995), and Part F from Biben et al. (1997), with permission of Cold Spring Harbor Laboratory Press.]
 
 Although some of the defects may be secondary, the overall impression is that Nkx2-5 knockout hearts have deranged AlP identity and abnormal chamber forma tion. The lack of a distinct AVe suggests that the primi tive segments of the early heart tube (Eisenberg and Markwald, 1995; Moorman et at., 1998) have not been correctly established.
 
 XI I I . Marker Analys i s In situ hybridization analysis has identified a number of genes downregulated in Nkx2-5 mutant hearts. These include genes encoding the transcription factors CARP and eHandiHandl, as well as myosin light chain 2V (MLC2V), ANF, and the calponin related gene SM-22 -
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 (Biben and Harvey, 1 997; Biben et ai., 1997; Lyons et at., 1995; Zou et at., 1997). The expression patterns of these genes is affected in a variety of ways which sug gest defects not only in myogenesis but also in chamber patterning (Fig. SF). For example, expression of MLC2V and ANF is all but obliterated. CARP is severely down regulated globally but remains on at a low level in the open atrioventricular chamber. eHand is also severely downregulated, remaining on very weakly in the ven trocaudal region. SM-22 expression is eliminated from the atrioventricular chamber but remains at robust lev els in sinus venosa. Thus, Nkx2-S appears to be differen tially required for expression of genes in different heart segments and no region of the heart tube is spared some form of alteration in gene expression. The data support our gross morphological assessment that segmental pat terning in the heart is deranged. While the underlying molecular basis of these de fects is currently difficult to assess due to our general ignorance of patterning mechanisms acting in heart de velopment, some progress has been made in under standing the Nkx2-S mutant phenotype, and of heart patterning generally, by examination of the expression profiles of the Hand genes (Biben and Harvey, 1997; Sri vastava et ai., 1997; Thomas et ai., 1998).
 
 XIV. Hand Gene Expres sion i n Normal and Nkx2-S-/- Hearts
 
 eHand and dHand (Hand1 and Hand2; Firulli et ai., 1 998; Riley et ai., 1998) are bHLH transcription factors expressed in the early heart and in other embryonic tis sues (Cross et ai., 1995; Cserjesi et ai., 1 995; Hollenberg et ai., 1 995; Srivastava et ai., 1995; see Chapter 9). In the chick, both Hand genes appear to be expressed throughout the heart, where they are required for mor phogenesis beyond early looping stages (Srivastava et ai., 1995). In the mouse, however, the patterns are re gional and highly dynamic (Biben and Harvey, 1997; Srivastava et ai., 1997; Thomas et ai., 1998). The eHand pattern is restricted along both the AlP and D/V axes of the heart tube. At linear and early looping stages, ex pression occurs throughout the sinus venosa and atrial region as well as in most of the presumptive left ventri cle (Fig. 6A). However, an important finding is that only the ventral surface of the myocardium expresses the gene, establishing the presence of D/V patterning in the early heart tube (Fig. 6B). By ElO.S, expression in sinus venosa and atrium has withdrawn, and the pattern is largely left ventricle specific, although by E 1 l .5 some expression in right ventricle is seen (Figs. 6C and 6D). In the left ventricle, expression is set back from the region that will form the interventricular muscular septum
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 (Figs. 6C and 6D), and when the septum forms it shows no expression (Firulli et ai., 1998). The dHand/Hand2 expression pattern in the mouse heart differs considerably from that of eHand/Hand] (Biben and Harvey, 1997; Srivastava et ai., 1 997). Tran scripts are present across the whole myocardium at the linear tube stage, before becoming restricted to the outer curvature of the right ventricle. Thus, in the well looped heart, the Hand genes have developed a com plementarity in their expression patterns, with eHand predominant in the left ventricle and dHand predomi nantly in the right (Srivastava et ai., 1997). The working myocardium of the ventricles and atria develop as regional specializations of the primitive my ocardium of the early heart tube (see Chapter 12). In a particular temporal sequence, these regions expand and bulge outwards, filling out the shape of the loop ing heart. In any circumference of the heart tube, one arc will mature into working myocardium, whereas the complementary arc will form part of the "inner curva ture," which undergoes extensive remodeling in the end stages of looping (see Chapter 10). The Hand expres sion patterns are consistent with a role for these genes in defining the character of the working myocardium in the left and right ventricles, an idea that is strengthened by the apparent loss of right ventricle in the hearts of dHand/Hand2 knockout mice (Srivastava et ai., 1 997). Sections show that eHand is expressed in a ventral arc of the caudal region of the heart tube (Fig. 6B) and then in the outer curvature of the left ventricle (Figs. 6C and 6D; Biben et ai., 1997). We believe, to a first approxima tion, that the ventral arc of eHand expression corre sponds to the future working myocardium of the looped heart, the dorsal arc forming the inner curvature. The transition between eHand-expressing cells in the ven tral arc to their eventual location in the outer curvature of the left ventricle may involve torsion of the caudal heart tube during looping and expansion of the whole chamber, perhaps by proliferation. The model implies that the AN and DIY regionalities set up in the linear heart tube, as revealed by eHand expression, provide a major component of the information required to com plete the morphogenetic events associated with cardiac looping, supplementing that from the LJR axial system (Harvey, 1998). Conflicting perceptions on whether the eHand expression pattern is influenced by the LJR asymmetry pathway (Biben and Harvey, 1997; Sparrow et ai., 1997; Thomas et at., 1 998) remain to be resolved. We have found that expression of eHand/Hand is se verely downregulated in Nkx2-S mutant hearts while being unaffected in tissues that do not normally express Nkx2-S (Fig. 6E; Biben et ai., 1997). As revealed re cently, the morphological defects in Nkx2-S-I- hearts resemble those seen in the hearts of eHand/Hand] mu-
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 tants (FiruUi et aI., 1998; Riley et aI., 1 998). One hypoth esis to account for the common defect is that left ven tricular cells are severely reduced in both Nkx2-S and eHand mutant hearts due to loss of eHand expression. Evidence in favor of this comes from analysis of the ex pression of a right ventricle-specific transgene marker in the Nkx2-5 -1- background. A transgenic LacZ re porter driven by the proximal region of the MLC2V promoter is expressed predominantly in the right ven tricle and outflow tract of the forming heart tube (Ross et aI., 1996). Interestingly, this transgene is expressed ro bustly in the Nkx2-5 mutant background, even though the endogenous MLC2V gene is not. Nevertheless, the LacZ pattern is revealing in that it almost completely encompasses the open atrioventricular chamber seen in the mutant hearts, suggesting that it has right ventricu lar character and that the left ventricle is reduced or ab sent. These studies identify a key Nkx2-5-dependent ge netic circuit acting in early morphogenesis of the mam malian heart. The Hand expression patterns have pro vided us a direct visualization of how unique left and right ventricular identities evolve from complex begin nings in the linear heart tube, sequences that must be tray something of earlier events. Of some significance is the D/V patterning now evident in the early heart and its possible direct connection to specification of the in ner and outer curvatures. This, in turn, links D/V pattern with both formation of a working myocardium and re modeling of the primitive tube into a compact organ. That Hand genes appear essential for chamber forma tion indicates that they are key determinants of pat tern in the developing heart. The transcription factor gene, MsgJ, has an expression pattern in the caudal re gion of the early mouse heart almost identical to that of eHand, indicating another potential link in this path way (Dunwoodie et aI., 1 998). How the expression domains of these factors are established and the nature of their specific functions will be intriguing to dissect.
 
 xv. Nkx2-5 and H u man Card iac Defects The quest to identify mutations responsibe for famil ial human diseases is gaining pace. Among the most
 
 common cardiac defects are those affecting septation of the atria and/or ventricles. In a rare form of hand-heart anomaly, Holt-Oram syndrome, affected individuals show atrial and/or ventricular septal defects and con duction system abnormalities, along with a range of preaxial radial ray limb deformities. Single nucleotide changes in the T-box transcription factor gene, TBX5, have now been shown to underlie both familial and spo radic cases (Basson et aI., 1 997; Li et aI., 1997). The causal mutations underlying a nonsyndromic, autosomal dominant condition manifesting atrial septal defects (secundum type) with atrioventricular conduc tion delay, have also been investigated. This condition is associated with a high risk of sudden death and may re quire surgical correction of atrial defects and/or inser tion of a pacemaker. In four families, the mutation mapped to the NKX2.5 gene (Schott et aI., 1998). Of three different mutations identified, one truncates the NKX2.S protein midway through the homeodomain, thus eliminating helix 3, known to be essential for DNA binding. Another substitutes one amino acid at the N terminal side of helix 3, and the third truncates the protein immediately after the homeodomain. The two homeodomain mutations may be null, in which case the cardiac defects would appear to derive from a haplo insufficiency for the NKX2.S protein. Although atrial septal defects have not been recognized in the mouse model, these, like most in humans, may be benign. These human studies add an exciting dimension to investiga tions of the mouse gene, and reveal a heretofore unrec ognized function for Nkx2-5 in atrial septation and con duction system development.
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 Fig u re 6 eHand expression in normal and Nkx2-5 mutant hearts, as studied by whole mount in situ hybridization. (A) E8.3 mouse embryo at an early looping stage showing eHand expression restricted to the caudal region of the heart. ave, atrioventricular canal; fgp, foregut pocket; lv, left ventricle; oft, outflow tract; rv, right ventricle. (B) Transverse section of a hybridized E8.3 embryo showing the early looping heart tube. eHand expression is localized to the ventral aspect of the heart tube (ht). ng, neural groove. (C) E10.5 heart stained for eHand. Transcripts are restricted to the left ventricle. at, atria. (D) E1l.5 heart stained for eHand. Note expression in the outer curvature of the right ventricle and out flow tract, in addition to left ventricle. (E) eHand expression in ElO.O embryos wild type ( +/+) or mutant ( -/-) for targeted inactivation of the Nkx25 gene. eHand is not expressed in the mutant heart (ht) but transcripts are still present in pericardium (p) and lateral plate mesoderm (lpm), in which Nkx2-5 is not normally expressed. [Reprinted with permission from Biben and Harvey (1997), © 1997 Cold Spring Harbor Laboratory Press.]
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 ies in fruit flies and mice have demonstrated that mem bers of the myocyte enhancer factor-2 (MEF2) family of transcription factors play multiple roles in cardiac myo genesis and morphogenesis. Here, we discuss the multi ple functions of MEF2 factors in heart development and speculate about the potential mechanisms whereby these transcription factors control different sets of tar get genes at multiple steps in the cardiogenic pathway.
 
 I . Heart Formation d u ring Vertebrate E m b ryogenesis II. Card i ogenesis at the Cel l ular Level I I I . Transcriptional Control by M EF2 IV. Com b i natorial Control of M u scle Development by M EF2 V. Reg u lation of M EF2 Expression VI. An Evol utionarily Conserved Pathway for Card iogenesis
 
 I . Heart Formation d u ri ng Verteb rate E m b ryogenes i s
 
 VII. Futu re Questions •
 
 Refe rences
 
 The heart is the first organ to form during vertebrate embryogenesis (Fig. 1). In the mouse, heart formation begins at about Embryonic Day 7.5 (E 7.5) when a pop ulation of cells within the anterior lateral plate meso derm become committed to a cardiogenic fate in re sponse to inductive signals from the adjacent endoderm (Olson and Srivastava, 1 996; Fishman and Chien, 1 997; see Chapters 1-4). These cardiogenic cells, which are lo calized to a region known as the cardiac crescent, mi-
 
 •
 
 There has been rapid progress in recent years toward defining the mechanisms that control skeletal muscle development (Molkentin and Olson, 1996; Yun and Wold, 1 996; Ludolph and Konieczny, 1 995). In contrast, relatively little is known of the mechanisms that control cardiac gene expression and development. Recent studHeart Deve l o pm e n t
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 A Conotruncus
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 Pulmonary artery
 
 Aortic sac --""1";;;.,....0"" Conotruncus Right ventricle •
 
 Left ventricle
 
 Right ventricle •
 
 Atrium Figure 1 Schematic of the major morphologic events in vertebrate heart formation. Cells from the precardiogenic mesoderm are speci fied at the embryonic primitive streak stage (A) to form the various structures of the linear heart tube (B). Later, the heart loops rightward (C) and finally septates and forms the various regions and chambers of the looped and mature heart (D).
 
 grate ventromedially to form the linear heart tube. Al though the linear heart tube appears homogeneous along its length, it is divided into distinct segments of gene expression that prefigure the eventual atrial and ventricular chambers (Yutzey and Bader, 1995; see Chapters 19 and 20). Little is known of the mechanisms involved in specification of these different populations of cardiac precursors. The first evidence of left-right asymmetry in the em bryo is the rightward looping of the heart tube, which occurs in all vertebrate species (Yost, 1995; Srivastava and Olson, 1997; see Chapters 21 and 22). The process of looping converts anterior-posterior into left-right patterning of the heart tube (Fig. 1 ) and is essential for the proper orientation of the cardiac chambers and for alignment of the heart with the vascular system. Fol lowing looping, the atrial and ventricular chambers be come demarcated by the formation of the interventric ular septa and valves (see Chapter 10). Neural crest cells, which migrate from rhombomeres 6-8, also play an important role in heart formation by contributing to the outflow tract and the aortic arch arteries (Kirby and Waldo, 1995; see Chapter 11). I I . Card iogenesi s at the
 
 Cel l u la r Level The earliest marker for cells that have acquired car diogenic potential in the embryo is the homeobox gene Nkx2.5, one of several related NK-type homeobox genes in vertebrates (Harvey, 1996; see Chapter 7). These genes share high homology with Drosophila tin man, which is expressed throughout the early meso derm of the embryo before becoming restricted specifi cally to cardioblasts of the heart-like organ known as the dorsal vessel (Apiazu and Frasch, 1 993; Bodmer, 1993). The precise functions of Tinman remain to be de termined, but the fact that cardioblasts are not specified
 
 in tinman mutant embryos indicates that it is essential for specification of cardiac cell fate (Apiazu and Frasch, 1993; Bodmer, 1993). However, other factors or signals must also be involved because only a subset of cells that express tinman adopt a cardiac fate. The acquisition of cardiac fate in the Drosophila embryo has been shown to be dependent on decapentaplegic (Dpp) and wing less (Wg) signaling from adjacent cells (Staehling Hampton et ai., 1994; Frasch, 1995; Lawrence et ai., 1995; Wu et ai., 1 995; Park et ai., 1996). Thus, Tinman may act together with these growth factor signals to specify cardiac identity. In addition, as discussed later, an important function of Tinman is to activate the ex pression of D-mef2 during Drosophila heart develop ment (Gajewski et ai. , 1997; see Chapter 5). I I I . Transcri ptional Control by M EF2
 
 Soon after cardiac cells are specified, they begin to express a large array of contractile protein genes. Mem bers of the MEF2 family of MADS box transcription factors play an important role in this aspect of cardiac development. The MADS box is named for the original four transcription factors identified as belonging to the family. MCM1 is a yeast protein which controls mating type; Agamous and Deficiens are flower homeotic gene products which control whorl and petal identity; and serum response factor is a transcription factor which mediates activation of immediate early response genes and muscle genes (Shore and Sharrocks, 1995). Members of the MEF2 subfamily of MADS box pro teins each encode the highly conserved MADS domain within their first 57 amino acids, in addition to a highly conserved MEF2 domain immediately adjacent to the MADS domain (Olson et ai., 1995) . Together, the MADS and MEF2 domains mediate DNA binding and dimerization of these factors. Drosophila encodes a sin gle mef2 gene product, D-MEF2 (Lilly et ai., 1994; Nguyen et ai., 1 994), whereas vertebrates have four
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 mef2 genes, mef2a-d (Breitbart et aI., 1993; Leifer et aI., 1 993; Martin et aI., 1 993, 1 994; McDermott et aI., 1 993; Pollock and Treisman, 1 991; Yu et at., 1 992). The four vertebrate MEF2 factors and the single fly MEF2 pro tein share a high degree of sequence homology within their MADS and MEF2 domains but are divergent in the carboxyl-terminal transactivation domains (Fig. 2). MEF2 was originally identified as a muscle-specific binding activity present in differentiated muscle cells (Gossett et aI., 1989) and was later found to be important in the transcriptional activation of many cardiac and skeletal muscle genes (Cserjesi and Olson, 1 991). MEF2 proteins bind as homo- and het erodimers and to a conserved DNA consensus se quence, CffTA(A/T)4TAG/A, found in the control regions of many muscle- and heart-specific genes (Gossett et al., 1 989; Cserjesi and Olson, 1991; Pollock and Treisman, 1991; Andres et at., 1 995). MEF2 pro teins bind to this target sequence to directly activate the transcriptional machinery via potent transactivaDNA Binding Dimerlzation ..
 
 tion domains present in their carboxyl termini (Martin et aI., 1 994; Molkentin et at., 1 996a). Numerous cardiac restricted genes have been identified to contain essen tial MEF2 sites in their control regions. For example, there is an essential MEF2 site in the promoter of the desmin gene that when mutated completely abolishes all cardiac-specific expression of desmin (Kuisk et aI., 1996). Likewise, MEF2 sites found in the myosin light chain (MLC)-2V and a-myosin heavy chain genes are essential for cardiac-specific expression (Molkentin et aI., 1 994; Navankasattusas et at., 1 992). Each of the vertebrate mef2 genes produces several alternatively spliced messages which give rise to multi ple mef2 gene products (Fig. 2) (Breitbart et at., 1993; Leifer et at., 1 993; Martin et at., 1 993, 1994; McDermott et at., 1 993; Pollock and Treisman, 1991; Yu et at., 1992). This multitude of different MEF2 proteins is capable of heterodimerization, allowing for a large number of vari ant DNA-binding heterodimers. Such a diversity of MEF2 proteins in vertebrates is likely to account for the
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 Figure 2 Schematic representation of MEF2 proteins. The four MEF2 proteins (MEF2A-D) in vertebrates and the single MEF2 protein (D-MEF2) in Drosophila are depicted. Each MEF2 protein comprises the highly conserved MADS (blue) and MEF2 (yellow) domains which mediate DNA binding, dimerization, and protein-protein interactions with other classes of transcription factors and one or more transactivation domains in the carboxy terminus. Each of the mef2 genes is alternatively spliced and the boundaries for the exons encoding the MADS and MEF2 domains are conserved among all mef2 genes.
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 numerous potential roles played by MEF2 factors in the differentiation of muscle, heart, and neural lineages. In addition to the role of MEF2 factors in tissue-specific differentiation, certain splice variants of MEF2 may be important in cell proliferation. Recently, a ubiquitous isoform of MEF2D was shown to regulate the serum in ducibility of the c-jun promoter (Han and Prywes, 1995). Likewise, MEF2 protein expression was shown to be up regulated upon proliferation of vascular smooth muscle cells following balloon injury (Firulli et at., 1 996). Thus, the presence of four mef2 genes with nu merous splice variants and the possibility of het erodimerization among MEF2 factors creates multiple different mef2 products with numerous potential roles in the transcriptional control of genes important in a va riety of cellular processes.
 
 A. Ex p re s s i o n of mef2 G e n e s i n Ve rte b rate s a n d F l i e s During vertebrate embryogenesis, the four mef2 genes are expressed throughout developing muscle cell lineages as well as in other cell types (Edmondson et at., 1994; Molkentin et at., 1 996b; Subramanian and Nadal Ginard, 1996; G. E. Lyons et at., 1 995; Leifer et at., 1993, 1994). mef2b and -c are the first members of the family to be expressed in the heart, with transcripts appearing in the precardiogenic mesoderm at about E 7.75 in the mouse (Edmondson et at., 1 994; Molkentin et at., 1996b). By E 8.0, mef2a and -d expression is detected in the newly formed linear heart tube (Edmondson et at., 1 994). Thereafter, all four mef2 genes continue to be expressed throughout the developing heart. The mef2 genes are also expressed in developing skeletal and smooth muscle (see Chapters 24 and 28), as well as in endothelial cells that form the vascular tem plate within the yolk sac and embryo. In addition, the four mef2 genes show highly specific expression pat terns throughout the developing brain (Leifer et at., 1 994 ; G. E. Lyons et at., 1 995). By the late fetal period, transcripts for the different mef2 genes begin to appear in a variety of tissues, and in the adult they are widely expressed (Edmondson et at., 1 994). Despite the widespread expression of mef2 mRNAs in adult tissues and in a variety of cell lines, MEF2 pro tein and DNA-binding activity are highly enriched in muscle, heart, and brain tissues (Gossett et at., 1 989; Yu et at., 1 992; Suzuki et at., 1 995). This disparity be tween the expression of mef2 mRNA and MEF2 pro tein has suggested the existence of post transcrip tional mechanisms for MEF2 regulation (Suzuki et at., 1995; Black et at., 1 997). Indeed, the 3' untranslated re gion of the mef2a mRNA has been shown to contain a highly conserved 428-nucleotide region that confers translational repression preferentially in nonmuscle
 
 cells when fused t o an exogenous reporter gene (Black et at., 1997). In addition to transcriptional and translational con trol mechanisms, MEF2 proteins also appear to be reg ulated posttranslationally. Recent studies have demon strated that a casein kinase-II phosphorylation site in the MEF2 domain of MEF2C augments DNA binding by MEF2C in vivo (Molkentin et at., 1 996c). This phos phorylation site is conserved in all MEF2 proteins, which is consistent with a role for phosphorylation in the regulation of MEF2 function. In addition, there are conserved phosphorylation sites in the carboxy terminal transactivation domains of MEF2 factors. These sites may be modified by phosphorylation to in crease their transactivation potential (Han et at., 1997). Furthermore, studies of myogenin gene transcription have shown that a MEF2 site in the promoter is re quired for transcriptional activation in vivo (Cheng et at., 1993). When skeletal myoblasts are induced to dif ferentiate, preexisting MEF2 is modified, probably by phosphorylation, such that it can activate myogenin transcription through this site (Buchberger et aI., 1 994). Thus, numerous studies have shown that MEF2 ex pression and function are regulated at multiple levels. By utilizing multiple control mechanisms, a cell ensures tight regulation of MEF2 activity which is likely to be important given the role of MEF2 factors in mediating tissue-specific differentiation. Unlike in vertebrates, there is a single mef2 gene product in Drosophila, D-MEF2, which also is ex pressed in developing muscle and neural lineages. D mef2 is first expressed at gastrulation throughout the mesoderm of Drosophila embryos (Lilly et at., 1994; Nguyen et at., 1994). As the embryos develop, D-mef2 expression becomes restricted to cells of the somatic, visceral, and cardiac musculature, and this expression is maintained throughout embryonic, larval, and adult myogenesis (Lilly et at., 1 994; Nguyen et at., 1994). Dur ing larval development, D-mef2 is also expressed in the mushroom bodies of the fly brain (Schulz et at., 1996). The fly heart, known as the dorsal vessel, is a linear tube which pumps hemolymph throughout the organ ism. The dorsal vessel consists of a single layer of car dial cells and an additional layer of pericardial cells (Rugendorff et at., 1994). D-mef2 is expressed in both these cell types prior to and during their differentiation. D-mef2 expression in the dorsal vessel is controlled by Tinman, which binds to two sites in a distal upstream cardiac-specific enhancer (Gajewski et at., 1 997).
 
 B. G e n etic Analys i s of M EF2 in Drosophila The existence in vertebrate species of four mef2 genes, which are expressed in overlapping patterns in
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 F i g u re 3 D-MEF2 is required for muscle differentiation in Drosophila. Myosin-heavy chain (MHC) expression, as a marker for terminally differentiated muscle, in wild-type (A) and mef2 mutant (B) Drosophila embryos at stage 15. The brown color of the MHC staining pattern in A shows the metameric pattern of somatic muscle fibers. (B) The nearly complete absence of muscle differentiation in embryos lacking D-MEF2.
 
 developing muscle cell lineages, complicates the inter pretation of loss-of-function phenotypes because of possible redundancy of functions. However, in Dro sophila, which contains only a single me/2 gene, it has been possible to determine the consequences of com plete elimination of all MEF2 activity from the embryo. Using P-element insertion and ethylmethanosulfonate mutagenesis, we and others have generated null and hy pomorphic alleles of D-me/2 (Lilly et al., 1995; Bour et al., 1 995; Ranganayakulu et al., 1995). In embryos lack ing D-me/2, myoblasts from all three muscle cell lin eages-cardiac, somatic, and visceral-are properly specified and positioned, but they are unable to dif ferentiate (Fig. 3) (Lilly et al., 1995; Bour et al., 1 995; Ranganayakulu et al., 1995). This dramatic mutant phe notype provided the first molecular evidence for a commonality in the molecular mechanisms that control differentiation of diverse muscle cell types and demon strated that D-MEF2 is a central component of all mus cle differentiation programs in Drosophila.
 
 trabeculae form as finger-like projections along the in ner myocardial wall, which becomes separated from the endocardium by a layer of loose mesenchyme called the cardiac jelly (Fishman and Chien, 1997). The endo cardium is present in me/2e mutant embryos, but the trabeculae develop poorly, and both the endocardial cells and cardiomyocytes within the ventricular wall ap pear disorganized (Lin et al., 1997).
 
 C. G e n et i c Analys i s of mef2 G e n e s i n t h e M o u se The functions of the vertebrate me/2 genes are only beginning to be determined through gene inactivation studies in the mouse. The first of the me/2 genes to be inactivated was me/2e (Lin et al., 1997). me/2e null em bryos appear normal until about E 9.0, when they begin to show retarded growth and pericardial effusion, in dicative of cardiac insufficiency. At the linear heart tube stage (E 8.0), the mutants do not show obvious cardiac defects. However, they do not initiate rightward looping and the future right ventricular region fails to form (Fig. 4). Instead, the mutant hearts form a single hypoplastic ventricular chamber fused directly to an enlarged atrial chamber. Because of the absence of a right ventricular region in the mutant, the remaining portion of the ven tricular region is displaced to the left. Normally, as the ventricular chambers develop, the
 
 Fig u re 4 Cardiac defects in MEF2C null embryos. Wild-type (A, C) and mef2c mutant (B, D ) hearts from E 9.0 embryos. The mutant heart (B, D) fails to undergo rightward looping and there is no evi dence of the future right ventricle but rather a single hypoplastic ven tricle is fused to an enlarged atrium. a, atrium; bc, bulbus cordis; lv, left ventricle; v, ventricle.
 
 1 36 The basic-helix-Ioop-helix (bHLH) genes dHAND and eHAND are expressed in complementary patterns within the developing heart (Cserjesi et ai., 1995; Srivastava et ai., 1 995; see Chapter 9). dHAND is nor mally expressed throughout the linear heart tube but becomes restricted to the future right ventricular region during looping (Srivastava et ai., 1997). In contrast, eHAND is expressed in two specific segments of the heart tube which give rise to the conotruncus and the left ventricle (Cserjesi et ai., 1 995; Biben and Harvey, 1997; see Chapter 7). In mef2c mutants, dHAND is ex pressed in the linear heart tube, but expression is down regulated at the time of looping, concomitant with the failure of the right ventricle to form (Lin et ai., 1 997). Consistent with the conclusion that the right ventricular region is deleted in the mutant, eHAND is expressed contiguously throughout the heart tube without the gap in expression normally observed in the right ventricle (Lin et ai., 1997). In the hearts of mef2c mutant embryos, a subset of cardiac contractile protein genes, including atrial natri uretic factor (ANF), cardiac a-actin, a-MHC, and myosin light chain (MLC)-IA, is downregulated, whereas oth ers, such as MLC2A and MLC2V, are unaffected (Lin et ai., 1997). Interestingly, the MLC2V gene contains an es sential MEF2 site in its promoter (Navankasattusas et ai., 1 992). The observation that this and other cardiac genes are expressed in the absence of MEF2C suggests that other members of the MEF2 family can support the expression of these genes. mef2b is coexpressed with mef2c during the early stages of cardiogenesis and would, therefore, be a likely candidate for functional re dundancy with MEF2C (Edmondson et ai., 1 994; Mol kentin et ai., 1996b). We have recently generated mef2b mutant mice, which do not exhibit obvious develop mental defects (1. Molkentin and E. Olson, unpublished observations). Whether mef2blmef2c double mutants will show cardiac defects that are more severe than those of mef2c mutants remains to be determined. The finding that only a subset of MEF2-dependent genes are downregulated in mef2c mutant embryos also demonstrates that members of the MEF2 family can discriminate between downstream genes. The molecular basis for this discrimination is unclear but might occur through differential protein-protein interactions with other tissue-restricted transcription factors. The selective deletion of the right ventricular region of the heart tube in mef2c mutant embryos suggests that distinct regulatory programs control the development of different regions of the heart. Since MEF2C is ex pressed homogeneously throughout the heart tube, it may cooperate with a regionally restricted cofactor to control right ventricular development. The identity of
 
 I I I G e n et i c D i s s e ct i o n of H eart Deve l o p m e nt this potential cofactor remains to be determined, how ever, dHAND expression becomes localized to the fu ture right ventricular region at the onset of looping morphogenesis. Moreover, mouse embryos homozy gous for a dHAND null mutation resemble mef2c mu tants in their failure to form a right ventricle (Srivastava et ai., 1997; see Chapter 9). Given the cooperative roles of MEF2 and myogenic bHLH factors in skeletal mus cle development, the possibility that MEF2C and dHAND establish a combinatorial code for right ven tricular development warrants further investigation (Srivastava and Olson, 1997). The left ventricular region of the developing heart tube appears to be correctly specified in mef2c mutant embryos, based on the expression of eHAND in these embryos. While obviously speCUlative, this could indi cate that eHAND does not require MEF2C for func tion. Whether left ventricular formation represents a default pathway for cardiac development or whether another member of the MEF2 family might substitute for a potential role of MEF2C in this aspect of cardio genesis remain to be determined. While we know the identities of many of the cardiac contractile protein genes that are regulated by MEF2 factors during differentiation of individual cardiomy ocytes, little is known of the MEF2 target genes that could participate in looping morphogenesis or right ventricular chamber development. There is evidence suggesting that cardiac looping may require asymme tries in expression of cell adhesion molecules, mechani cal forces, and cell proliferation across the left-right axis of the heart tube (Taber et al., 1 995). Thus, compo nents of these pathways would be promising candidates as essential regulators of the morphogenic events in the MEF2C pathway. In this regard, previous studies have shown that the integrin subunit gene, a-PS2, in Drosophila is a direct target for transcriptional activa tion by D-MEF2 in the developing visceral mesoderm and its failure to be expressed in D-Mef2 mutant em bryos accounts for the severe morphologic defects in the developing gut (Ranganayakulu et ai., 1 995).
 
 IV. Com b i natorial Control of M u scle
 
 Development by M EF2 Based on the absence of muscle differentiation in Drosophila embryos lacking D-mef2 and the presence of MEF2 binding sites in the control regions of numer ous muscle genes (Cserjesi and Olson, 1 991; Lilly et ai., 1 995; Bour et ai., 1 995; Ranganayakulu et al., 1995), we have concluded that MEF2 regulates muscle gene ex pression in different muscle cell types. How does MEF2
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 control the expression of different sets of muscle-spe cific genes in the cardiac, skeletal, and smooth muscle cell lineages? It is clear that MEF2 proteins can bind DNA and directly activate transcription of cardiac and skeletal muscle genes but this function of MEF2 cannot account fully for the role of MEF2 proteins in myogenic gene activation. Therefore, we have proposed that MEF2 acts in a combinatorial mechanism through di rect protein-protein interactions with other lineage restricted transcription factors to activate each myo genic differentiation program (Molkentin et ai., 1 995; Molkentin and Olson, 1996). Such a combinatorial model for transcriptional activation by the MEF2 fam ily is consistent with the role of MADS domain proteins in other species (Shore and Sharrocks, 1995). In flowers, the MADS domain proteins, Agamous and Deficiens, mediate their homeotic effects on leaf identity through protein-protein interactions with a variety of different classes of transcription factors. Furthermore, serum re sponse factor (SRF) is known to directly interact with
 
 numerous different classes of transcription factors to synergistically activate transcription. In each of these cases, the interaction is mediated through the MADS domains of these factors. MEF2 factors also appear to activate transcription through a similar mechanism. In the skeletal muscle lin eage, MEF2 factors physically interact with members of the MyoD family of bHLH transcription factors to co operatively activate skeletal muscle-specific transcrip tion (Fig. 5) (Kaushal et ai., 1 994; Molkentin et ai., 1995). Coexpression of MEF2 and myogenic bHLH proteins results in synergistic activation of myogenesis. This acti vation does not require direct DNA binding by MEF2 because MEF2 can cooperatively activate myogenic transcription when bound to a promoter solely through protein-protein interactions (Molkentin et ai., 1995; Black et ai., 1 998). These interactions are mediated by the DNA-binding and dimerization motifs of these fac tors (Kaushal et ai., 1994; Molkentin et ai., 1995). The MEF2 proteins utilize the MADS and MEF2 domains
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 Fig u re 5 Combinatorial control of myogenesis by MEF2. This figure depicts possible mechanisms for muscle gene activation by MEF2. In skeletal muscle, MEF2 proteins collaborate with myogenic bHLH factors such as MyoD ( and possibly other factors) to syn ergistically activate myogenic transcription. Myogenic bHLH proteins activate E-box-dependent genes that also contain MEF2 sites in their control regions. MEF2 or myogenic bHLH proteins also can function to activate myogenic genes which contain only one fac tor's binding sites through protein-protein interactions. Interactions between myogenic bHLH proteins and MEF2 factors may also provide a mechanism for linking muscle promoters with distal enhancers through protein-protein interactions. Similar mechanisms for MEF2 function may also operate in cardiac muscle lineages, however, the factors with which MEF2 collaborates in that lineage are unknown.
 
 1 38 for interaction and the bHLH factors mediate interac tion through the basic domain, which is also responsible for DNA binding. While transcriptional activation can occur when either factor is bound to DNA, activation of skeletal myogene sis requires activation of transcription to occur through a myogenic bHLH factor bound to DNA (Molkentin et ai., 1995). Recent studies indicate that interaction of MEF2 factors and myogenic bHLH proteins alone is not suffi cient to activate myogenesis or to activate transcription synergistically (Black et ai., 1998). This is apparent from studies of a class of MyoD mutants which support inter action with MEF2 but are incapable of activation of tran scription and myogenesis. These studies indicate that ini tiation of myogenesis requires activation signals by both MEF2 and myogenic bHLH factors to be transmitted to the transcriptional machinery through the myogenic bHLH factor (Black et ai., 1 998). The paradigm of MEF2 functioning as a coactivator of tissue-specific transcrip tion has also been extended to neural lineages in which MEF2 factors have been shown to cooperatively activate transcription in collaboration with the neural-specific bHLH protein, MASHI (Black et ai., 1 996; Mao and Nadal-Ginard, 1996). No cardiac-specific factors have been shown to inter act with MEF2 factors. However, it seems likely that this general model for MEF2 activation of cell type specific genes is probably functioning in cardiac lin eages as well, and several candidate molecules may serve as MEF2 cofactors. The tinman homolog, Nkx2.5, is expressed in developing cardiac cells, and its gene product has been shown to interact with the MADS do main protein SRF (Chen and Schwartz, 1 996). Likewise, members of the GATA family of transcription factors have been shown to interact with SRF (R. 1. Schwartz, personal communication; see Chapter 16). Nkx2.5 is re quired for proper looping of the developing heart (1. Lyons et ai., 1 995; see Chapter 7) and GATA4 is re quired for migration of cells in the cardiac lineage (Molkentin et ai., 1997; see Chapter 17). These two classes of transcription factors serve as potential candi dates for MEF2 interaction. Finally, two bHLH factors, eHAND and dHAND, which are expressed in the de veloping heart, have been identified (see Chapter 9). While no direct evidence has been obtained to suggest that these factors associate with MEF2 to specify differ entiation of the cardiac lineage, bHLH proteins clearly utilize MEF2 factors in the transcriptional activation of the skeletal muscle and neural differentiation programs, suggesting by analogy that similar mechanisms may also be functioning in the cardiac lineage. Furthermore, as noted previously, the cardiac phenotypes of the mef2e and dHAND knockouts are strikingly similar in that
 
 I I I G e n et i c D i s secti o n of H ea rt Deve l o p m e n t both mutations disrupt the rightward looping o f the lin ear heart tube at similar times during development (Sri vastava et ai., 1 997; Lin et ai., 1997). The similarity of these two mutant phenotypes suggests that these factors may cooperate to specify cardiac morphogenesis such that mutation of either gene disrupts the transcriptional program. V. Reg u lation of M EF2 Express ion
 
 The vertebrate mef2 genes contain multiple alterna tively spliced exons and large introns in their 5' un translated regions, which has made it difficult to identify regulatory regions that control their expression in dif ferent muscle cell types (B. Black, T. FiruIli, 1. Molkentin, and E. Olson, unpublished observations). However, there has been considerable progress toward defining the regulatory elements that control expression of mef2 during Drosophila embryogenesis. The in tron-exon organization of the D-mef2 gene is similar to that of the vertebrate genes, and within the conserved MADS and MEF2 domains, the introns are located at the identical codons in D-mef2 and the vertebrate mef2 genes (Lilly et ai., 1995). There is a single intron of about 6 kb in the 5 ' untranslated region of D-mef2 (Lilly et ai., 1995; Bour et ai., 1 995). Within the 12 kb of DNA preceding the D-mef2 gene, there are at least a dozen independent transcrip tional enhancers that direct the expression of the gene in different mesodermal precursor cells and muscle cell types (R. Cripps, B. Zhao, K. Gajewski, R. Schulz, and E. Olson, unpublished observations). During develop ment of the mesoderm into cardiac, skeletal, and visceral muscle, different enhancers are activated indepen dently. There are three cardiac enhancers that show dis tinct transcriptional activities during development of the dorsal vessel. We have focused primarily on one of these enhancers, which is contained within a 237-bp re gion located about 5.5 kb upstream of the transcription initiation site for the gene (Gajewski et at., 1997). This enhancer is active in four of six cardioblasts within each hemisegment (Gajewski et at., 1997). Within the en hancer are two identical, convergently oriented binding sites (CTCAAGTGG) for Tinman, separated by about 180 bp (Gajewski et ai., 1997). Mutation of either site completely abolishes enhancer activity, suggesting some form of transcriptional cooperativity between Tinman molecules bound at the two sites. Not only is Tinman necessary for activation of this cardiac enhancer but also it is sufficient for expression, at least in certain regions of the embryo. If a reporter gene linked to this cardiac enhancer is introduced into a Drosophila strain
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 harboring a heat shock-inducible tinman allele, the en hancer can be activated outside the cardiac lineage in response to ectopic tinman expression (Gajewski et ai., 1997). Under these conditions, the enhancer can be ac tivated in most regions of the embryo, except in a sub set of ventral cells. This suggests that activation of the enhancer by Tinman may require a cofactor that is miss ing from these cells in which the enhancer cannot be ac tivated, or that these cells contain an inhibitor of Tin man function. In this regard, the NK-2 homeodomain protein, which is the product of the ventral nervous sys tem defective (vnd) locus (Jimenez et ai., 1 995), is ex pressed in neurogenic cells in the ventral region of the embryo and binds the same DNA sequence as Tinman (Tsao et ai., 1994), making it possible that it could inter fere with Tinman function. Like the Tinman-dependent enhancer, tinman is ex pressed in four of six cardioblasts within each hemiseg ment (Apiazu and Frasch, 1 993; Bodmer, 1 993; see Chapter 5). There is another D-mef2 cardiac enhancer that is active in the remaining two cardioblasts within each hemisegment (R. Cripps, B. Zhao, and E. Olson, unpublished observations; K. Gajewski and B. Schulz, unpublished observations). We do not yet know the identities of the transcription factors that activate this enhancer, but they promise to be extremely interesting because they represent a tinman independent pathway for cardiac gene expression. -
 
 V I . An Evol utionarily Con s e rved
 
 Pathway for Card iogenes i s Based on work from our group and others, it is possible to consider a transcriptional cascade for cardiogenesis in the Drosophila embryo. As schematized in Fig. 6, dor sal mesodermal cells express tinman and become com mitted to a cardiogenic fate in response to Wg and Dpp (Staehling-Hampton et ai., 1 994; Frasch, 1 995; Lawrence et ai., 1995; Wu et ai., 1 995; Park et ai., 1 996). Tinman di rectly activates D-mef2 transcription in cardioblasts (Gajewski et ai., 1 997), probably in collaboration with other cofactors that are as yet unidentified. D-MEF2 then directly activates the transcription of cardiac con tractile protein genes, also in collaboration with other cofactors. While this pathway clearly is incomplete, now that key transcription regulators acting at each step and their direct targets have been identified, it should be possible to identify the additional regulators in the pathway. What have the MEF2 loss-of-function phenotypes in fruit flies and mice revealed about the possible evolu tionary similarities and differences in cardiogenesis in these unrelated organisms? In flies, MEF2 is required for activation of contractile protein genes in the dorsal vessel, but it does not appear to play a role in formation or patterning of the heart tube. In mice, MEF2C is re quired for activation of a subset of contractile protein
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 F i g u re 6 Schematic of a regulatory hierarchy controlling cardiac gene expression in Drosophila.
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 genes, but many are independent of MEF2C (Lin et ai., 1 997) . Thus, it is likely that the early functions of the vertebrate MEF2 factors in muscle gene activation are distributed among multiple family members. An unan ticipated conclusion from the mouse mutants is that MEF2C also plays an important role in ventricular mor phogenesis and looping of the heart tube-mor phogenic events that are unique to vertebrate cardio genesis (Lin et ai., 1 997). One interpretation of these findings is that MEF2 factors play evolutionarily con served roles in the early steps of cardiomyocyte differ entiation but are also reemployed during vertebrate evolution to control later aspects of morphogenesis.
 
 VI I . Future Questions MEF2 factors are currently the best understood car diac regulatory factors with respect to their target genes, mechanisms of action, and regulation. However, many important questions remain. Among these is how MEF2 factors are able to control different programs of myogenesis and morphogenesis. What are the identities of the cofactors with which MEF2 factors cooperate? How are the functions of the different vertebrate MEF2 factors similar and different? The loss-of-function phe notype of MEF2C reveals only the earliest function of the gene in embryogenesis. Does MEF2C play later roles in heart development and function and what are the functions of the other mef2 genes? How is mef2 gene expression controlled in the developing heart, as well as in other cell types? Given the central role of MEF2 factors in several steps in cardiac development, the answers to these questions promise to provide many important insights into the mechanisms that underlie normal heart devel opment as well as the disruption of cardiac regulatory pathways in disease.
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 In one of the more interesting forms of malformation the septum of the ventricles is not only incomplete, but is found to deviate from its Heart Deve lopment
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 During human fetal development, the majority of organogenesis is completed during the first trimester of pregnancy after which further maturation and growth predominate. The heart is the first organ to form, with the earliest recognizable cardiac structure evident at 3 weeks of gestation concomitant with the onset of rhythmic heartbeats. By 7 weeks, morphogenesis of the heart is complete with establishment of appropriate venous and arterial connections. The heart is derived from multiple cell lineages and must differentiate into unique regions, each possessing different physiologic, electrical, and 1 43
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 anatomic properties. The impact of hemodynamic loads introduces a separate level of complexity in cardiac cham ber growth and alignment with respect to the vasculature. In light of the multiple events necessary for normal cardiogenesis, it is not surprising that defects in develop ment of the heart are the most common of human birth defects. In fact, only a fraction of cardiac developmental defects are seen clinically, with the more severe abnor malities resulting in spontaneous abortions in the first trimester (Hoffman, 1995). Defects in myocardial func tion result in cardiac insufficiency and embryonic lethal ity. In contrast, newborns with congenital heart disease typically have normal myocardial function and have a cardiac anatomy which is suitable for fetal circulation but not for a newborn circulatory system, in which sepa ration of the pulmonary (lungs) and systemic (body) cir culations is necessary. Such anatomy is usually a result of malalignment, malformation, or arrested development of specific regions of the heart rather than global defects of the heart. This observation suggests that each cardiac chamber and its vascular connections are under distinct regulatory controls during development, although obvi ous interactions between programs are critical for ap propriate cardiogenesis. A segmental approach to un derstanding the regulation of cardiac development may therefore be useful, just as it has been instrumental in understanding the anatomy of cardiogenesis.
 
 I I . Card iac Morphogenes i s
 
 Cardiogenesis involves cellular determination, mi gration, and differentiation along with a series of criti cal morphogenetic events (Olson and Srivastava, 1996). Cells from the anterior lateral plate mesoderm give rise to the precardiogenic mesoderm, which is fated to form the heart well before cardiac morphogenesis begins A
 
 (Yutzey and Bader, 1 995). The bilaterally symmetric heart primordia migrate to the midline and fuse to form a single beating heart tube. Although seemingly homo geneous, the straight heart tube is patterned in an ante rior-posterior (AP) fashion to form the future regions of the four-chambered heart, including the aortic sac, conotruncus, right ventricle, left ventricle, and atria (De Haan, 1 965; see Chapters 19 and 20) (Fig. 1). The heart tube forms a rightward loop, the direction being con served in all vertebrates, which begins to establish the left-right (LR) asymmetry of the heart and the spatial orientation of the cardiac chambers (Levin, 1997). Proper looping of the heart tube is necessary for correct align ment of the chambers and outflow tract of the heart and converts the AP polarity to a LR polarity (see Chapters 21 and 22). Further septation leads eventually to a four chambered heart with two atrioventricular valves in higher organisms (see Chapter 10). Dissecting the mol ecular pathways controlling development and align ment of the individual chambers will be necessary to de termine how individual regions of the heart are malformed. The other major cell type which contributes to heart formation is a population of migratory neural crest cells known as the cardiac neural crest. Neural crest cells mi grate from the neural folds and condense in the cardiac outflow tract (conotruncus) and developing aortic arches (Kirby and Waldo, 1990; see Chapter 1 1). They are in volved in formation of the truncus arteriosus and subse quent septation of the truncus into the aorta and pul monary artery as well as formation of the conotruncal portion of the ventricular septum (Kirby et ai., 1983). Af ter septation of the aorta and pulmonary artery, the ves sels rotate in a twisting fashion to achieve their final con nection with the left and right ventricles, respectively. Neural crest cells also contribute to the development of the bilaterally symmetric aortic arches which undergo ex tensive remodeling resulting in formation of the ascend ing aorta, proximal subclavian, carotid, and pulmonary arc
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 F i g u re 1 Schematic diagram of cardiogenesis. Bilaterally symmetrical cardiac progenitor cells (A) are prepatterned to form distinct regions of the heart as shown in color-coded fashion. The precardiac mesodermal cells give rise to a linear heart tube (B) which forms a rightward loop (C) and begins to establish the spatial orientation of the four-chambered mature heart (D) (adapted from Srivastava and Olson, 1997).
 
 9 Reg u lati o n by d HAN D a n d e H A N D teries (Kirby and Waldo, 1990). Determining how neural crest cells are instructed to migrate, differentiate, and pro liferate is fundamental to understanding the pathogenesis of a variety of conotruncal and aortic arch defects.
 
 I I I . Molecular Seg m entation of
 
 the Heart Analysis of the regulatory regions of some cardiac structural genes in transgenic mice provides molecular evidence for segmental regulation of the developing heart. The desmin gene is expressed uniformly in the heart, but unique cis elements exist which govern ex pression in the right ventricle (Kuisk et aI., 1996). The smooth muscle marker, SM-22, is also expressed in the developing heart uniformly, but cis elements have been identified which regulate predominately right ventricu lar expression (Li et aI., 1 996). Similarly, a ventricular isoform of myosin light chain (MLC2V) is expressed in the right and left ventricles, but a stretch of 28 nu cleotides in the regulatory region of the gene is respon sible for right but not left ventricular expression (Ross et aI., 1996; see Chapter 15). Finally, a regulatory sequence in the myosin light chain 1 F gene has been demonstrated to control the gene's left but not right ventricular ex pression (Kelly et aI., 1995; Franco et aI., 1997; see Chap ter 19). These findings are consistent with a model in which unique regulatory pathways control development of each chamber of the heart. Embryologic evidence of segmental formation of the heart has also come from retinoic acid treatment of em bryos from multiple species. Frog (Drysdale et aI., 1 994), zebrafish (Stainier and Fishman, 1992), and chick (Os mond et aI., 1991) embryos display anterior truncation of the cardiac tube after exposure to retinoic acid. A lacZ insertion into a locus on chromosome 13, termed hdf, results in anterior truncation of a segment of the heart tube, which is further truncated by exposure to retinoic acid (Yamamura et al., 1997). The gene respon sible for this phenotype is yet to be identified. The distinct regulatory patterns of cardiac genes in in dividual chambers suggest that trans-acting factors will exist in a segmental fashion in order to establish the ob served pattern. At least four families of transcription fac tors are expressed in the cardiac primordia fated to form the heart: the myocyte enhancer binding factor-2 (MEF2) factors (Olson et aI., 1995; Yu et ai., 1992; Pollock and Treisman, 1991), NK homeodomain proteins (Harvey, 1996), the zinc finger containing-GATA factors (Arceci et aI., 1993; Ip et ai., 1994; Laverriere et aI., 1994), and the ba sic helix-Ioop-helix (bHLH) proteins dHAND and eHAND (Srivastava et ai., 1995; Cserjesi et aI., 1995). The MEF2 family of transcription factors are expressed throughout the developing heart tube (Edmondson et ai.,
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 1994); gene deletion of one member, MEF2C, in mice re sults in hypoplastic right and left ventricles (Lin et aI., 1997; see Chapter 8). Nkx2.5/Csx, a member of the NK family, is also expressed throughout the heart (Lints et ai., 1993; Komuro and Izumo, 1 993), but disruption of this gene in mice leads to cardiac insufficiency and failure to complete the looping process (Lyons et aI., 1995; see Chapter 7). The cardiac role of GATA-4, -5, and -6, all co expressed uniformly in the heart, remains unclear al though GATA-4 null mice have defects in ventral mor phogenesis, including failure to fuse the paired heart tubes in the midline (Molkentin et aI., 1 997; Kuo et aI., 1997; see Chapter 17). The uniform cardiac expression of these factors argues against a role in specific chambers, al though interactions with other chamber-specific factors may confer unique spacial properties. IV. Bas i c Helix-loop-He l ix
 
 Factors i n Development Members of the bHLH family of transcription factors regulate determination and differentiation of skeletal muscle (Olson and Klein, 1 994; Weintraub, 1 993), neu ronal (Jan and Jan, 1 993; Lee et aI., 1995; Ma et aI., 1996) and hematopoietic cells (Zhuang et ai., 1994; Shivdasani et aI., 1 995). The HLH motif mediates dimerization of bHLH proteins, which juxtaposes their basic regions to form a bipartite DNA-binding domain which recognizes the E box consensus sequence (CANNTG) in the con trol region of downstream target genes (Fig. 2). Ubiqui tous bHLH proteins, known as class A bHLH proteins (E proteins) (Murre et ai., 1 989b; Henthorn et ai., 1 990; Hu et aI., 1992), dimerize preferentially with cell type specific class B bHLH proteins (Murre et ai., 1989a). There are also HLH proteins which lack a basic domain and dimerize with bHLH proteins to form heterodimers which cannot bind DNA. Among this class are members of the Id family (Benezra et aI., 1 990) and Drosophila extramacrochaete (Ellis et ai., 1 990). There are four skeletal muscle-specific bHLH pro teins (MyoD, myogenin, myf5, and MRF4) which share extensive homology within their bHLH regions (Olson and Klein, 1994; see Chapter 28). The myogenic bHLH proteins have the remarkable ability to independently in duce a muscle phenotype when overexpressed in fibro blast cells (Davis et ai., 1987). During embryogenesis, the four bHLH factors are expressed in distinct but overlap ping patterns in the skeletal, but not cardiac, muscle lin eage. Gene knockout experiments have shown that the myogenic bHLH genes comprise a regulatory network which controls myoblast determination and differentia tion. Similarly, members of the achaete scute family of bHLH proteins in Drosophila (Jan and Jan, 1993) and their mammalian homologs are expressed in neurogenic
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 Fig u re 2 Schematic diagram of basic helix-loop-helix (bHLH ) proteins. Tissue-specific bHLH proteins heterodimerize with ubiquitous bHLH factors via the HLH domain. Heterodimerization enables a bipartite basic domain ( + + + ) to interact with consensus Ebox sequences (CANNTG) located in the regulatory region of target genes. Such interaction initiates a cascade of events culminating in regulation of down stream genes.
 
 precursors and their descendants (Johnson et aI., 1990), in which they regulate neurogenesis (Guillermot et al., 1993). V. Bas i c Helix-loop-He l i x Factors i n
 
 Heart Development The bHLH transcription factors dHAND and eHAND (deciduumlextraembryonic membrane, heart, autonomic nervous system, neural crest-derived cell types) provide an entry to investigate the regulatory pro grams which might govern cardiac transcription in a seg mental fashion. dHAND and eHAND, also referred to as Thing-2/Hed and Thing-lIHxt, respectively (Hollenberg et aI., 1995; Cross et aI., 1995), share high homology within their bHLH regions and are encoded by genes with sim ilar intron-exon organization, suggesting that the genes arose by dupiication of an ancestral HAND-like gene (Fig. 3). The dHAND proteins from mouse, chick, human and frog (0. Srivastava, unpublished observations) and zebrafish (K. Lee, unpublished observations) share >95% amino acid homology, whereas eHAND is much less conserved across species, suggesting that dHAND may be the more ancient of the two genes. In the chick (Srivastava et aI., 1995) (Fig. 4) and frog (0. Srivastava, J. Lohr, and J. Yost, unpublished obser vations), dHAND and eHAND are coexpressed in a bi laterally symmetric pattern throughout the precardiac mesoderm, linear and looped heart tube, as well as the lateral mesoderm and certain neural crest-derived structures. Antisense experiments in the chick suggest that dHAND and eHAND play redundant roles in car-
 
 diac development beyond the stage of cardiac looping (Srivastava et aI., 1995). Disruption of dHAND and eHAND mRNA in combination, but not alone, resulted in arrest of cardiac development just after the heart be gan to loop in the rightward direction. In contrast to their apparently homogeneous expres sion throughout the developing heart in the chick, dHAND and eHAND exhibit distinct expression pat terns during cardiogenesis in the mouse (Fig. 5). Both genes are initially expressed in the precardiac meso derm. dHAND is also expressed throughout the linear heart tube but becomes restricted predominantly to the future right ventricular compartment during cardiac looping (Srivastava et aI., 1995, 1997). By contrast, eHAND expression is restricted to the anterior and posterior segments of the straight heart tube, which are fated to form the conotruncus and left ventricle, respec tively, but is undetectable in the intervening right ventricle-forming region. The interrupted AP pattern of expression is maintained as the heart loops and be comes a distinct LR cardiac asymmetry by virtue of the morphogenetic movements of cardiac looping with ex pression of eHAND in the left, but not right, ventricle (Srivastava et aI., 1997; Biben and Harvey, 1997; see Chapter 7). The spatially distinct expression patterns of dHAND and eHAND make them candidate genes for controlling the segmental development of the heart tube. The complementary expression of dHAND and eHAND in the right and left ventricles, respectively, raises the question of whether they are involved in spec ification of particular chambers of the heart or in de termining the direction of looping of the heart. It is
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 F i g u re 3 Comparison of the mouse bHLH proteins dHAND and eHAND. (A) dHAND and eHAND share similar protein structure composed of 217 and 216 amino acids, respectively. Both have histidine (His)-rich regions in the amino terminal and a centrally lo cated bHLH region. (B) Comparison of amino acid sequences in the critical bHLH domain reveals a high homology between dHAND and eHAND as shown in shaded boxes. Se quences diverge more in the basic, or DNA-binding, domain ( + +). (C) dHAND and eHAND share a similar genomic structure, with each having two exons separated by a single intron.
 
 unlikely that they are involved in establishing the direc tion of looping given the bilaterally symmetric expres sion in the lateral mesoderm, unlike members of the transforming growth factor-!3 family (Lowe et al., 1996; Collignon et al., 1996; Meno el al., 1996), whose LR asymmetry of expression controls direction of cardiac looping (Levin, 1 997). In addition, the HAND genes are expressed symmetrically along the left-right axis of the straight heart tube (Srivastava et al., 1997; Thomas et al., 1998), although Biben and Harvey (1997) suggest that a caudal left-right asymmetry of eHAND expression ex-
 
 ists. In a mouse model of situs inversus (invlinv) (Yokoyama et al., 1993), dHAND and eHAND expres sion in the looped heart tube is reversed along the LR axis, but dHAND continues to be expressed in the pul monary ventricle and eHAND expression persists in the systemic ventricle (Thomas et al., 1998). This sug gests that HAND gene expression is chamber specific rather than embryonic side specific. Although no asymmetry is detectable along the LR axis of the linear heart tube, in the mouse the HAND genes are expressed on only the ventral and not the dor-
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 F i g u re 4 Expression of dHAND and eHAND transcripts during cardiac development in chick embryos as monitored by whole mount in situ hybridization. dHAND alone is shown here because eHAND is coexpressed in chick embryos. HAND transcripts were first detected in the precardiogenic mesoderm (pm) and lateral mesoderm of stage 8 - embryos (A). Expression of dHAND and eHAND was seen uniformly in the straight heart tube of stage 10 embryos (B) and in the looped heart tube of stage 16 embryos (C).
 
 sal surface of the straight heart tube. After the torsion of looping, it is thought that the ventral surface forms the outer curvature of the looped heart, whereas the dorsal surface becomes the inner curvature. HAND gene expression remains nonconcentric and is seen along the outer curvature but not the inner curvature (Srivastava et ai., 1997; Biben and Harvey, 1997). It is in teresting to speculate that the HAND genes may regu late differential cell proliferation or cell death in the outer and inner curvatures, thereby contributing to the process of cardiac looping and remodeling of the inner curvature. VI. Targeted Gene Deletion i n M ice A.
 
 Card i ac M e so d e r m a l Defects
 
 Significant insight into the role of the HAND genes in cardiogenesis has come from mouse knockout studies. Heterozygote dHAND null mice survive to reproduc tive age, but homozygous null mice die by Embryonic (E) Day 10.5, apparently from cardiac failure (Srivas tava et ai., 1 997). dHAND null embryos begin the process of cardiac looping in the rightward direction but fail to develop the segment of the heart tube that forms the right ventricle (Fig. 6). This is consistent with the pre dominant expression of dHAND in the right ventricle forming region. The atrial chamber moves dorsally and to the left as it should during cardiac looping in the mu tant, suggesting that the process and direction of cardiac looping is initiated correctly but appears abnormal be-
 
 cause of growth failure in a specific segment of the loop ing heart tube. The left-sided ventricle, where dHAND is normally expressed at lower levels, forms in the mutant but lacks trabeculations, the finger-like projections of myocardium necessary for increasingly forceful contrac tions of the heart. The gene encoding the cardiac tran scription factor, GATA-4, is downregulated in the left ventricle, a finding which may be related to the absence of trabeculations. Thus, dHAND is necessary for mor phogenesis of an entire segment of the developing heart tube and for proper function of other areas where dHAND is expressed less robustly. How might dHAND regulate right ventricular devel opment? We favor the interpretation that dHAND is required for the expansion or specification of a popula tion of cardiogenic precursor cells within the linear heart tube which is destined to form the right ventricu lar region. At the linear heart tube stage, there are no obvious differences between wild-type embryos and dHAND mutants. However, after E8.0, when looping begins and the future right ventricular segment should expand, there is no growth of the corresponding region of the mutant heart tube. Instead, the heart tube devel ops abruptly leftward and ultimately gives rise to the left-sided ventricle. Because eHAND is expressed in the single ventricular chamber of the dHAND null heart, we believe that this region of the heart tube is specified to form the morphologic left ventricle and the right ven tricle region is deleted (Srivastava et ai., 1997). Antisense experiments in cultured chick embryos and gene knockout experiments in mice both demon-
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 F i g u re 5 Summary of dHAND and eHAND expression patterns during mouse cardiogenesis. dHAND (blue) and eHAND (green) are uniformly expressed in cardiac progenitor cells (A, E) and in the left and right lateral plate mesoderm (lpm) but become restricted to the fu ture right and left ventricle-forming regions, respectively, as the heart tube loops. dHAND is expressed throughout the linear heart tube (B) but becomes predominately right sided after looping (C). eHAND is expressed in the conotruncus (CT) and left ventricle (LV)-forming re gions of the linear heart tube (F); the anterior-posterior interrupted pattern becomes left-right by virtue of cardiac looping (G). Expression is nonconcentric and is along the outer curvature of the heart (G). RNA in situ hybridization with isolated E 10.0 mouse hearts shows ex pression of dHAND in the right ventricle (D) and eHAND in the left ventricle (H) (frontal views). Both genes are expressed in the aortic sac (AS), which gives rise to the aorta and pulmonary arteries, but are downregulated in the myocardium of the heart once formation is com plete. RV, right ventricle; A, atria; LA, left atrium; RA, right atrium (adapted from Srivastava and Olson, 1997).
 
 strate an important role for the HAND genes at the time of cardiac looping (Srivastava et aI., 1995, 1997), but there are some intriguing differences in the expres sion patterns of dHAND and eHAND in chick and mouse embryos that suggest how these genes might function. In chicks, dHAND and eHAND are coex pressed throughout the heart without segmental restric tion and appear to have some degree of functional re dundancy. Frogs, which have only three-chambered hearts, also coexpress the HAND genes uniformly. By contrast, eHAND is not expressed in the right ventricle forming segment of the mouse heart and would there fore be unable to compensate for loss of dHAND ex pression in this segment. dHAND-null mice have a less severe defect in the left ventricle, where eHAND is ex pressed, suggesting some compensation by eHAND. This interpretation supports a model in which dHAND
 
 and eHAND play similar roles, possibly in proliferation or cell survival of cardiomyocytes, within spatially dis tinct regions of the heart. Alternatively, dHAND and eHAND may confer the unique physiological proper ties of the right and left ventricles, respectively, and not be functionally similar in the mouse. Intriguingly, the defects in cardiac morphogenesis in dHAND mutant embryos are similar to, but less severe than, those of embryos lacking the MADS box tran scription factor MEF2C (Lin et at., 1997), one of four members of the MEF2 family of myogenic transcription factors. During cardiac development, MEF2C is ex pressed throughout the linear and looping heart tube. In addition to lacking a right ventricle, MEF2C null em bryos have a severely hypoplastic left ventricle. In the skeletal muscle lineage, MEF2 proteins have been shown to act as cofactors for members of the MyoD
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 Fig u re 6 Schematic diagram of wild-type and dHAND mutant hearts. dHAND mutant hearts fail to form the right ven tricle (blue) and have a dilated left ventricle (red) compared with wild type, apparent from lateral (A, D) and frontal (B, E) views as shown schematically. Actual wild-type (C) and dHAND null (F) embryos are seen from a frontal view at E 9.5. hf, head fold; rv, right ventricle; lv, left ventricle; a, atria; ct, conotruncus; pv, pulmonary ventricle; SV, systemic ventricle.
 
 family of bHLH proteins (Molkentin et al., 1 995; see Chapter 8). Thus, it is tempting to speculate that MEF2C normally cooperates with dHAND to specify right ventricular development. A model in which MEF2C serves as a cofactor for dHAND in the right ventricle and eHAND in the left ventricle would ex plain the MEF2C null phenotype in which looping does not occur and both ventricles are hypoplastic (Fig. 7). It is interesting that mice deficient in Nkx2.5 have hearts which fail to develop beyond the straight heart tube stage and also have diminished cardiac expression of the left ventricle marker, eHAND (Biben and Har vey, 1997) In contrast, expression of the right ventricle specific MLC2V-IacZ transgene in an Nkx2.5 null back ground is seen throughout most of the straight heart tube (Lyons et ai., 1 995). Together, these data might in dicate the absence of a left ventricle in Nkx2.5 null .
 
 mice, possibly as a result of eHAND downregulation. This scenario would assign eHAND an analogous role to dHAND in left ventricular development and would be consistent with its left ventricle-specific expression pattern. Mice homozygous null for the eHAND gene appear to have a cardiac defect (Firulli et ai., 1998; Riley et ai., 1 998). However, the precise role of eHAND in cardiogenesis remains unclear secondary to the coin cident placental insufficiency and early embryonic lethality of eHAND-null embryos.
 
 B. Card i ac N e u ra l C re st-De rived Defects dHAND and eHAND are also expressed during de velopment of the aortic sac and the bilaterally symmet ric aortic arch arteries (I-VI) which arise from it (Sri-
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 F i g u re 7 A model for the roles of dHAND and eHAND in ventricular development. dHAND and eHAND may control development of the right and left ventricles, respectively. MEF2C may be an important cofactor for dHAND and eHAND in ventricular development, whereas Nkx2.5 may lie upstream of eHAND in regulation of left ventricle formation.
 
 vastava et at., 1995; Cserjesi et at., 1995). Each aortic arch artery traverses through a branchial arch and is re modeled during development to form the mature aortic arch and proximal pulmonary artery. The normal devel opment and maintenance of these vascular structures is dependent on migration of cardiac neural crest cells, which undergo an ectomesenchymal transformation and give rise to smooth muscle and connective tissue in the great vessels (Kirby and Waldo, 1 995). Ablation of the cardiac neural crest in chick embryos results in de fects of the cardiac outflow tract, aortic arch, and proxi mal pulmonary arteries which are similar to those seen in children with congenital heart disease (CHD) (Kirby and Waldo, 1995). Neural crest cells begin populating the aortic sac and aortic arches at E 9 in the mouse (Serbedzija et at., 1 992). Mouse embryos lacking the dHAND gene form an aortic sac which becomes markedly dilated by E 9.5 (Fig. 8). This progresses until a grossly dilated balloon-like structure is evident, repre senting the aortic sac at E 10.5. Why does the aortic sac become dilated in the ab sence of dHAND? The extent of development of the aortic sac and aortic arch arteries is clarified by India ink injection into the beating hearts of E 9.5 embryos (Srivastava et at., 1 997). Whereas the first and second aortic arch arteries are readily apparent following ink injection into wild-type embryos, there are no aortic arch arteries arising from the aortic sac in the mutant (Fig. 8). The lack of aortic arch vessels is likely to have
 
 resulted in dilation of the aortic sac and severe cardiac failure as evidenced by collection of a large effusion in the pericardial sac with embryonic demise occurring soon thereafter. These findings suggest that the expres sion of dHAND in the aortic arches is necessary for the persistence of the neural crest-derived aortic arch ar teries. dHAND and eHAND are also implicated in devel opment of other structures derived from the neural crest. Targeted disruption of the signaling peptide, endothelin-1 (ET-1) (Kurihara et at., 1 995), and its G protein-coupled receptor, ETA (M. Yanagisawa, per sonal communication) results in defects of craniofacial structures derived from the pharyngeal arches which are populated by neural crest cells. ET-1 and ETAdeficient mice also have defects of the cardiac outflow tract and aortic arch, structures which are populated by the cardiac neural crest. The defects include malalign ment of the aorta and pulmonary arteries with the left and right ventricles and anomalous developmental pat terning of the aortic arch arteries. The phenotype of such mice is reminiscent of the defects seen in chick em bryos after cardiac neural crest ablation, which include tetralogy of Fallot, persistent truncus arteriosus, and in terrupted aortic arch. It is believed that the defects in ET-l-deficient mice are a result of abnormal differenti ation of the circumpharyngeal neural crest, although marker analyses indicate that the neural crest cells mi grate appropriately to their respective areas. The
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 F i g u re 8 The absence of aortic arch arteries in dHAND null embryos. The aortic sac (as) of a dHAND null embryo is dilated at E 9.5 (B) in comparison to the wild type (A) as seen in lateral views. India ink injection into the beating hearts of E 9.5 embryos traces development of the vascular system in wild-type (C) and dHAND null (D) embryos. The first and second aortic arch arteries (aa) fail to form in the dHAND mutant resulting in dilation of the aortic sac and the absence of anterograde blood flow from the heart. Vascular markings are from retrograde flow into the venous system (vs) from the heart. h, head; a, atria; v, ventricle; da, dorsal aorta; rv, right ventricle; Iv, left ventricle (adapted from Srivastava et aI., 1997).
 
 HAND genes, which are normally expressed in the pha ryngeal arches and aortic arch arteries but not in migra tory neural crest cells, are dramatically downregulated in the pharyngeal arches and aortic arch arteries of ET1 null mice (Thomas et at., 1998b). This observation pro vides an important link between a signal transduction cascade and a transcriptional response in the develop ment of neural crest-derived cell types. The notion that the HAND genes play a role in development of the cir cumpharyngeal neural crest is further supported by hy poplasia of the first and second pharyngeal arches in
 
 mice completely lacking dHAND (Thomas et at., 1 998b). What might the mechanism of action be which re sults in the observed phenotype in dHAND-deficient and dHAND null mice? It is possible that dHAND has unique target genes and roles in mesodermal and neural crest-derived cells. The specificity of action may be con ferred by the expression of tissue-specific cofactors pre sent in one or the other cell type. How the HAND pro teins interact with other factors known to be important in cardiac neural crest development, such as the retinoic
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 9 Reg u lat i o n by d HAN D a n d e H A N D acid receptors (Kastner et ai., 1 994), NFl (Brannan et aI., 1994), and Pax 3 (Epstein et aI., 1993), remains to be determined. Whether dHAND is playing a role in cell determination or whether it may be playing a more gen eral role in tissue development, such as controlling pro liferation or survival of cells during organogenesis, will be important to determine. Further analysis of dHAND null embryos may identify the precise molecular path way through which the HAND genes function during embryogenesis.
 
 V I I . Relevance to H u man D isease A.
 
 M e s o d e r m a l Defects o f the H e a rt
 
 The majority of defects of heart muscle result in em bryonic lethality from cardiac insufficiency. However, defects which are specific to a particular chamber can often result in normal in utero development since sepa ration of the pulmonary and systemic circulations is un necessary. Hypoplasias of the right (pulmonary) or left (systemic) ventricle are relatively common congenital heart defects and are some of the most severe types of CHD. Despite aggressive medical and surgical therapy for these conditions, morbidity and mortality remain high among this population. It has long been thought that hypoplastic right and left heart syndromes were the result of decreased blood flow to one side of the heart resulting in diminished growth stimuli. The decreased blood flow has been thought to be a result of atresia or underdevelopment of the right- or left-sided atrioventricular valve. While this may be true in some cases, the finding that a single gene defect (dHAND) can result in hypoplasia of an en tire chamber of the heart demands a reconsideration of this hypothesis. The primary defect may actually be in hypoplasia of the right or left ventricle with an obligate secondary decrease in size of the atrioventricular valve. The model of a primary ventricular hypoplasia is sup ported by the recent demonstration of hypoplastic left heart syndrome in the human fetus early during devel opment rather than during the later growth phase of the ventricles (Yagel et aI., 1997). In light of their restricted expression patterns in the right and left ventricles and the hypoplastic right ven tricle seen in dHAND null embryos, dHAND and eHAND are obvious candidates for controlling seg mental development in the heart and may be responsi ble for hypoplastic right and left ventricles, respectively, in humans. It will be interesting to determine if these genes are mutated or deleted in individuals with such conditions. Identification of upstream and downstream members of the molecular pathway in which these tran scription factors act will be important because they,
 
 rather than the HAND genes, may be the culprits in many cases.
 
 B . Defects of t h e N e u ral C rest The human syndrome known a s CATCH-22 (cardiac defects, abnormal facies, thymic hypoplasia, cleft palate, and hypocalcemia associated with chromosome 22 mi crodeletion) is a defect of neural crest-derived cell types (Wilson et ai., 1 993; Driscoll et aI., 1 992). The cardiac de fects are predominately of the outflow tract (conotrun cus) and aortic arch, including persistent truncus arte riosus, tetralogy of Fallot, double-outlet right ventricle, and interrupted aortic arch. Mice deficient in ET-1 and its receptor have a phenotype very similar to CATCH22 (Kurihara et aI., 1 995). The downregulation of the HAND genes in ET-1 null mice and the defects in aor tic arch development in dHAND null mice suggest that the HAND genes may be involved in a pathway re sponsible for normal cardiac and pharyngeal neural crest development. Although the human homologs of dHAND and eHAND do not map to chromosome 22 (D. Srivastava, unpublished observations), the unidenti fied gene(s) residing on chromosome 22 may lie up stream or downstream of the HAND genes in a molec ular pathway controlling neural crest development. VI I I . Su m mary
 
 Discovery of the bHLH proteins, dHAND and eHAND, provides a point of entry into the molecular pathways which govern both mesodermal and neural crest development of the heart. Moreover, the HAND genes provide a transcriptional basis for a segmental model of cardiac development in which chamber specific regulatory programs operate relatively inde pendently of one another. Finally, through gene knock out experiments of dHAND and other cardiac tran scription factors, we have begun to assimilate a variety of critical factors in a molecular pathway controlling in dividual steps of heart formation. Although significant insights have been gained re garding the biology of the HAND transcription factors, many questions remain. Through what mechanism do dHAND and eHAND regulate right and left ventricle development? What are the target genes which lie downstream of these transcription factors? What fac tors lie upstream of dHAND and eHAND and control the chamber-specific expression patterns observed? What other, yet unidentified, transcriptional regulators might confer positional identity of the developing heart tube? Do the HAND genes affect neural crest cell mi gration, differentiation, and/or proliferation? Finally, will mutations in the HAND genes or other upstream or
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 1 54 downstream genes be the cause of hypoplastic right and left heart syndromes or cardiac outflow tract and aortic arch defects? It is hoped that further understanding of these and other factors will provide answers to the pre vious and other exciting questions in the future.
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 I . Development of Heart Seg ments The primary heart tube forms from the progressive fusion of two cardiac primordia that arise from a region H eart Deve l o p m e nt
 
 of splanchnic mesoderm found on either side of the an terior-posterior embryonic axis and ventral to the en doderm (Rawles, 1 943; Rosenquist and DeHaan, 1 966; see Chapters 1 -4). These paired primordia fuse anteri orly in a progressive fashion to form a series of primi tive tubular segments (De la Cruz et ai., 1989). Each segment consists of an inner endothelium surrounded by an outer myocardial layer. Between the epithelial layers a complex layer of extracellular matrix is present. The epithelial cell layer and the associated intervening matrix of each segment appear superficially to be ho mogeneous throughout the anterior-posterior axis of the primary heart tube. Segments are demarcated by constrictions (Fig. 1) that possess differences in contrac tility, expression of actins (Ruzicka and Schwartz, 1988), specific myosins (Kubalak et at., 1 994; O'Brien et aI., 1993; Yutzey et aI., 1994), and matrix components (Mjaatvedt et ai., 1991). By HH stage 13 (Hamburger
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 Figure 1 Progressive formation of the five primitive segments of the single heart tube. The heart segments are incorporated into the heart tube over time. The primitive heart segments present by HH stage 12 are shown in a ventral view of an embryonic chick heart stained with the MF20 antibody. These segments include (1) the prim itive right ventricle (RV), (2) the primitive left ventricle (LV), (3) the atrioventricular canal (AV) segment (in the process of formation at this stage) , (4) the sinoatrial segment (SA) (not yet formed by HH stage 12), and (5) the conus segment (CO) which completes its for mation between HH stages 14 and 22. Aortic sac (AS). Scale bar, 500 j.lM.
 
 and Hamilton, 1 951), the chick heart tube consists of four identifiable segments which form in temporal suc cession as follows (De la Cruz et at., 1977, 1983). The first two segments to form are the primitive right ven tricle and primitive left ventricle. Next, the atrioventric ular (AV) segment followed by the sinoatrial segment are formed. A fifth segment, the conus segment, devel ops after the tubular heart is formed (De la Cruz et at., 1977). The atrium forms from incorporation of cells from the sinoatrial region. The derivation of the conus-truncus (outflow tract) has not been clearly de termined. It may arise from the previously formed primitive right ventricular segment. Alternatively, the conus and primitive truncus, as suggested by Dr. De la Cruz, may be formed from precursor mesoderm that lies anterior to the right ventricle. The significance of a progressive formation of segments may be that expres sion of genes in the earliest formed segments may influ ence the gene expression in later segments as they form
 
 along the anterior-posterior axis o f the tube. This could account for the variation in segmental fates, particularly regarding their role in septation. Although the cells within endothelial inner and myocardial outer layers appear to be phenotypically similar in all five primitive segments of the heart. The endocardial cushions are formed in only two of the five segments of the heart tube-the AV and conus-truncus. The endocardial and myocardial epithelium found in these segments include subpopulations of cells that are functionally distinct in their ability to form cushion tissue. In the case of the en dothelium, the subpopulation competent to form cush ion tissue is derived from a cell lineage unique from the endothelial cells present in other segments of the heart tube (Wunsch et at., 1 994). As segments are added be fore the future endocardial cushions begin to form, the single heart tube begins the looping process. Looping begins as a bending of the tube at the junction of the primitive right and left ventricles which functionally di vides the tube into inlet and outlet segments. The direc tion of looping is influenced by action of the laterality genes, e.g., inv/iv (Brueckner et at., 1989; Yokoyama et ai., 1993), lefty genes (Meno et at., 1996), sonic hedge hog and activin or activin-like ligands that are recog nized by the ActlIa receptor (Levin et at., 1995). The heart continues to loop as the ventricular infundibular fold deepens and the endocardial cushions in AV and conus regions expand and then fuse to form the AV and conal septa. The atrial, ventricular, and aorticopul monary septa also form during this time, the latter by the contribution of invading neural crest cells that di vide the aortic sac. In the final stages of looping, the in let and outlet segments of the heart tube are brought to gether through a process of "morphogenetic shifts" which bring all five of the septa together in proper alignment to produce a normal four-chambered heart. It is important to note that none of the initial segments found in the single heart tube independently give rise to an equivalent adult heart chamber. The definitive adult heart chambers form by the integration and remodeling of the primitive segments (De la Cruz and Markwald, 1998). The developmental mechanisms by which the en docardial cushions form and contribute to these mor phogenetic shifts are discussed later. I I . P rog e n itors of the
 
 Card iac Epithelia Cells of the epiblast that are specified to the heart lineage migrate through the primitive streak into the lateral plate mesoderm forming the bilateral heart forming fields (Garcia-Martinez et at., 1997) (Fig. 2). The heart-forming fields continue their movement ante-
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 Fig u re 2 Schematic overview of the early genetic and morphogenic events associated with formation of the heart my ocardium and endocardium. At some time prior to or during gastulation (stages 2 or 3), cells invading the primitive streak are specified (reversibly committed) to the heart lineage. Irreversible commitment (determination) of the specified mesodermal cells to the heart lineage occurs by HH stages 4-6 in the chick and appears to involve the action of BMP-2. The precardiac mesoderm of the heart-forming fields is a bipotential epithelium that gives rise to both myocardial and endocardial cells. In response to an inductive interaction with the adjacent endoderm, some cells of the precardiac mesoderm delaminate from the epithelium and form the preendocardial mesenchyme. Extracellular signaling by the endoderm may be mediated by more than one factor, in cluding members of the transforming growth factor-13 superfamily (TGF-13 and activins), vascular endothelial growth factor (VEGF), and bone morphogenetic protein (BMP) by the adjacent foregut endoderm. Under the influence of VEGF, the preen docardial mesenchyme reestablish cell�ell interactions to form the endocardial epithelium (endocardial vasculogenesis). Cells that do not undergo an epithelial-mesenchymal transition and remain in the epithelial layer of the precardiac mesoderm form the premyocardial epithelium through a morphogenetic pathway involving the genes Me[2, GATA-4, and homologs of the Drosophlia gene (tinman and nkx2 5) Fusion of the heart fields begins by HH stage 9 in the chick. The direction of the initial heart tube bending is controlled by expression within the mesoderm of the heart laterality genes that include the situs inversus genes ivlinv, lefty-l and -2, sonie hedgehog (shh), and an activin-like ligand that presumably interacts with the activin receptor IIa (AetllaRe). As the cardiac primordia fuse in a progressive fashion during HH stages 9-12, new segments are added to the heart tube. The segmental nature of the heart tube establishes domains of transcriptional activity that regulate the expression of genes such as fleetin, d- and e-hand, and hdf .
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 1 62 riorly in the embryo, eventually forming the cardiac crescent located above the anterior intestinal portal. Just prior to partial fusion of the two lateral heart fields, a few contractile and related regulatory genes are ex pressed to reveal the initial differentiation of the my ocyte cell precursors (Kubalak et at., 1 994; Lints et al., 1993). It is generally believed that cells forming the my ocardium arise from precursors found only in the defin itive heart fields (Olson and Srivastava, 1996). Because segments within the heart tube are added over time in a progressive fashion, the myocytes and endothelial cells within different segments will undergo differentiation at progressively different times. One hypothesis to ex plain this progression is that mesodermal cells located caudally (posterior) to the heart fields are recruited into the cardiomyogenic lineage. As new cells are recruited to the heart fields, the more differentiated cells move anteriorly (see Chapters 3 and 4). This mechanism is consistent with findings that the mesodermal cells im mediately posterior and lateral to the heart fields can enter the cardiomyogenic lineage through bone mor phogenetic protein (BMP) signaling (Lough et al., 1996) and reportedly the gene cerberus (Bouwmeester et al., 1 996). Cells specified to the myocardial lineage of the mesodermal epithelium enter a cascade of gene expres sion that includes the tinman homolog NKx 2.5 (Lints et al., 1 993), CARP (Zou et al., 1997), Mef2c (Edmondson et al., 1994; Lin et al., 1997), and GATA-4 (Molkentin et al., 1 994; see Section V). The endothelial cell precursors that form the endocardium of the heart derive from mesenchymal cells formed by an epithelial-mesenchy mal transition (Fig. 2). Some studies have suggested that the endocardium derives directly from the heart forming fields of the splanchnic mesoderm (De Haan, 1 965; Rosenquist and DeHaan, 1966; Sabin, 1920; Stals berg and De Haan, 1 969; Viragh et al., 1 989), whereas other studies have supported the hypothesis that the cardiac endothelial cells arise from regions of splanchnic mesoderm peripheral to the heart fields (Drake and Jacobson, 1 988; Manasek, 1 968). Evidence that the en docardium consisted of two subpopulations of endothe lial cells was also inferred from in vitro observations that only endothelial cells in the AV or proximal conus region of the heart could give rise to cushion mesen chyme (Mjaatvedt et al., 1987). Also, in cushion-forming regions, not all the endothelial cells leave the mono layer to invade the underlying cushion swellings (Mark wald et at., 1 975, 1977). Most of the endothelial cells remain within the endocardial lining during the cellulariz ation of the cushion. One endothelial cell marker, called JB3, has been identified that discriminates between the two endothelial subpopulations present in the cushion monolayer (Wunsch et al., 1 994). The JB3 monoclonal antibody recognizes a 350-kDa band on Western blots and may be related to the large extracellular matrix
 
 protein fibrillin-2 (Rongish e t al., 1998). I n the heart, JB3 antigen is only expressed on the subset of endothe lial cells competent to transdifferentiate into cushion mesenchyme. The origin of the JB3-positive (JB3 + ) endothelial cells has been traced by immunohistochemical analysis of embryos (Wunsch et al., 1 994). The first cells to ex press JB3 are the prestreak epiblast (HH stage 2); by HH stage 3, JB3-expressing cells are located in the ros tral primitive streak. From the streak, JB3 + cells mi grate to the paired heart-forming fields (HH stages 4 and 5), leaving behind residual "trails" of JB3 antigen. JB3 is among the earliest known lineage markers to be expressed in the epithelium of the heart-forming fields (Smith et aI., 1997). At HH stages 6 + and T, JB3 anti gen localizes with the first mesenchymal cells seeded by the precardiac mesodermal epithelium into the endo dermal basement membrane. Myocardial precursors do not express JB3. In quail embryos, QHl (positive for all endothelial cells) and JB3 immunostaining patterns have been com pared. All JB3 + cells are also positive for the QHl anti gen; however, many QHl + cells are not positive for JB3 antigen. At HH stages 8-10, JB3 + cells become inter spersed with QH1 + cells that have migrated into the heart-forming fields during their fusion to form the tubular heart (Sugi and Lough, 1 995; Sugi and Mark wald, 1996; Wunsch et at., 1 994). Thus, within the devel oping tubular heart (HH stages 1 1-14), all endocardial cells are QH1 + but only about 10% are JB3 + . Initially, JB3 + endocardial cells are present in all segments pre sent at HH stages 1 1-13, but thereafter they are re stricted to the cushion-forming segments. These data showed that there were indeed two populations of en dothelial precursor cells, the larger one originating out side the heart fields and the smaller (JB3 + ) arising from within the heart fields. Significantly, the JB3 + subset constitutes the anlagen of cushion cells. A.
 
 Ro l e of E n d o d e r m d u ri n g Format i o n of Card i ac Endoth e l i u m
 
 In vitro experiments have suggested the endoderm plays a significant role during the derivation of JB3/QHl + endothelial cells from the mesodermal heart fields. These studies utilized a primary culture system in which precardiac mesoderm was microdissected free of the associated endoderm and then cocultured on the surface of thick collagen gels with isolated endoderm or endoderm conditioned medium (Sugi and Markwald, 1 996). Precardiac mesoderm explanted in this way from HH stage 5 chicken embryos, cultured in the absence of endoderm or endoderm conditioned medium, eventu ally expressed muscle markers only within the central
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 mass of tissue. The monolayer of cells surrounding the explant on the surface of the collagen gel expressed nei ther myocardial or endocardial markers. Cells do not in vade the collagen gels under these conditions. If, how ever, the precardiac mesoderm is cocultured with endoderm or its conditioned medium, cells invade into the gel and will express both JB3 and QHl markers. This is the first evidence that the endoderm induces the heart field to delaminate endocardial precursor cells from the epithelium and thereby segregate lineages committed to myocardial or endocardial fate. Similar results have been obtained using collagen gels and QCE-6 cells as a model for precardiac mesoderm (Eisenberg and Bader, 1995; Markwald et al., 1 996).
 
 I I I . Molecu lar I nteractions of J 83 + Endothelial Cells i n the Heart Cushions As stated previously, the JB3 antigen, at later stages, is only expressed in the heart on the subset of endothe lial cells competent to transdifferentiate into cushion mesenchyme. The fate of the JB3/QHl endothelial cells appears to be tied to the initial formation and ultimate fate of the endocardial cushions. A.
 
 Reg u lati o n of End ocard ial C u s h i o n Format i o n
 
 Th e heart cushions form in only two segments of the heart tube-the AV and conotruncus. Within these two segments the JB3 + endothelial cells undergo a transi tion to form mesenchyme that invade and populate the underlying expanded layer of extracellular matrix (car diac jelly). The myocardium in these segments is highly secretory and is responsible for the localized expansion of the cushion by the addition of matrix molecules which include laminin, collagen, fibronectin, and prote ogycans. These matrix molecules are organized as a my ocardially derived basement membrane that extends across the cardiac jelly and joins the basement mem brane of the endothelium (Kitten et al., 1987). The reg ulatory mechanisms governing the selective myocardial secretion of matrix components into these two cushion forming heart segments remain virtually unexplored. However, some mouse mutant models have been iden tified in which the endocardial cushions fail to form. These models include mice deficient for Nkx2.5 (Lyons et al., 1995), mej2C (Lin et al., 1997), or the heart defect (hdf) gene (Yamamura et al., 1 997). The Nkx2.5 and mej2C genes, deleted by targeted homologous recombi nation, have been placed early in the hierarchy of mus cle lineage formation (see Chapters 7 and 8); however,
 
 both probably act too early in development to provide insight into the selective regulation of the genes later required to initiate cushion formation. The hdf mouse line, however, may provide a useful model for under standing the selective regulation of cardiac matrix ex pansion in the AV and outlet regions. 1. The hdf Mouse Model
 
 The hdf mouse line arose as an insertional mutation of a single gene locus located on chromosome 13. The transgene used to create the mouse line contained a lacZ reported and analysis of lacZ expression in devel oping embryos revealed its earliest detectable expres sion within the myocardium during cushion-forming stages of heart development (Fig. 3; Yamamura et al., 1 997). In the homozygous mutant the heart cushion swellings are absent and endothelial cells remain in the endocardium in a phenotypically normal monolayer. If the AV region is removed from the heart and grown in culture on the surface of a three-dimensional collagen gel, the endothelial cells will undergo a normal appear ing epithelial-mesenchymal transition and form migrat ing mesenchyme that invades the collagen lattice. These rescue experiments imply that the hdf endothelium is intrinsically competent to form cushion mesenchyme and suggest that the defect is an extrinsic factor proba bly selectively secreted by the myocardium into the car diac jelly of cushion-forming segments. Recent data have shown that an antibody marker, TC2, that recog nizes glycosaminoglycan chains in the normal embry onic mouse heart is not detectable in the hdfhearts (Fig. 4; Mjaatvedt et al., 1997). Sequences flanking the trans gene have been identified and used to map the hdf lo cus to chromosome 13 between markers D13Bir18 and D 13Hum34 by interspecific backcross analysis (Yama mura et al., 1 997). Recently, we have mapped the locus onto another mouse DNA-mapping panel [(JAX-BSS: C57BLl6JEi X SPRET/Ei) Fl female X SPRET/Ei male] and shown that it segregates with the marker D13Mit27 (Mjaatvedt et al., 1997). Although no coding loci have been mapped in the JAX-BSS panel at this lo cus, the dihydrofolate reductase (Dhfr) gene lies within 2.4 cm of this site (Fig. 5). Also, a neural specific home obox gene (Nsxl) and a yeast gene designated D13Xrj249 (homology with mej2C) have been mapped approximately 5.0 cm from the hdf locus. On an inte grated map of chromosome 13, the anomymous marker D13Mit27 has been placed approximately 0.5 cm from the gene Cspg2 (Seymour et al., 1996). We have not yet mapped the Cspg2 gene onto the JAX-BSS panel to de termine if it lies within the hdf locus. Identification of the hdf gene and molecular analysis of how the hdf lo cus is regulated should provide insights into under standing the mechanism of how the endocardial cushion
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 Fig u re 3 Expression o f the hdfgene. Th e hdfmouse i s an insertional mutant in which en docardial cushions and the right outlet of the heart fail to form. (A) Embryonic Day 9.5 pc wild-type normal mouse littermate. (B) Based on expression of the lacZ portion of the trans gene, the hdf gene is restricted to the right side [conus and right ventricle 1 at stages of heart looping. (C) Homozygous hdfembryos show a similar right-sided expression pattern. (D) Em bryonic Day 10.5 pc embryos shows a strong right-sided expression of the lacZ transgene in embryos hemizygous for the transgene. (E) Embryos homozygous for the transgene also con tinue to show predominately right-sided expression of lacZ; however, the hearts are severely distorted and embryos fail to survive past this stage. Scale bars; A-C, 500 J.LM; D, 0.5 mm; E, l mm.
 
 swellings form within their specific locations along the single heart tube. The expression distribution of the hdf gene, based on the lacZ reporter, is segmentally re stricted to the right side of the looped heart tube (Fig. 3). This pattern of expression is very similar to expres sion patterns observed for members of the BMP family of morphogens, especially BMP-4 (Hogan et at., 1 994; Jones et aI., 1991). This pattern of coexpression suggests that the hdf gene may be coordinately regulated with BMP-4 expression.
 
 B . I n d u ct i o n of t h e C u s h io n M e s e n c h ym e The inductive and permissive molecular mechanisms involved in stimulating the JB3/QH1 + endothelial cells to leave the vascular (endocardial) monolayer and pop ulate the subjacent cushion matrix have been explored with the aid of a three-dimensional collagen culture sys tem that closely simulates the regionally and temporally specific events observed in vivo (Eisenberg and Mark-
 
 wald, 1995). The results of these studies are summarized in Fig. 6. Cushion mesenchyme derived from the JB3 + endothelial cells forms only in the segments of the heart tube where the myocardium secretes a particulate form of matrix we termed adherons after a precedent in the literature (Mjaatvedt and Markwald, 1989; Schubert et at., 1986). 1. Identification of ES Antigens Adherons represent aggregates of matrix proteins including fibronectin and other proteins called ES (EDTA soluble) antigens extracted from the myocar dial basement membrane (Kitten et at., 1987). Direct application of isolated matrix aggregates induces com petent AV (not ventricular) endothelial cells to seed mesenchyme in culture (Mjaatvedt and Markwald, 1989). Antibodies prepared to ES aggregates confirmed the segmental distribution of adheron particulates in the heart and removed inductive activity from two po tent sources of endothelial transforming signals: my ocardial conditioned medium (myoCM) and EDTA
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 F i g u re 4 Immunostaining for TC2 antigen in the hdf embryonic heart. Whole embryo immunofluorescent images of hdf homozygous (A; hdf) and normal wild-type (B) embryos (Embryonic Days S.59.0 pc) using the TC2 monoclonal antibody shows intense localization in the wild-type but not the hdf homozygous heart tube. The TC2 monoclonal antibody is specific for a glycosaminoglycan chain epi tope and was developed by Dr. Tony Capehart (personal communica tion) using a novel technique for immunogen presentation. Scale bar, I mm.
 
 extracts of the cardiac jelly (Mjaatvedt et aI., 1 991). Sim ilar results were obtained in parallel studies using soy bean agglutinin (SBA; Sinning et aI., 1996). SBA is a lectin that specifically recognizes ES+ particulate ma trix (Sinning et aI., 1992). Monoclonal antibodies have also been prepared against SBA-bound proteins called hLAMP antigens (heart lectin-associated myocardial proteins). Like ES antibodies, the hLAMP antibodies, the hLAMP antibodies effectively remove the stimulus for mesenchyme formation from EDTA extracts and myoCM in culture assays. Proteins eluted from hLAMP antibodies are capable of inductive signaling (Sinning et al., 1996). 2. Characterization of ES Proteins Several proteins are recognized by both the ES and hLAMP antibodies (28-, 46-, 60/63-, 70-, 93-, 130-, and 230kDa proteins). The 70-kDa protein has been identified as transferrin (Isokawa et al., 1994). Interestingly, transferrin has been shown to activate a migratory phenotype from differentiated monolayers of human endothelial cell cul tures (Cadevaro et aI., 1997). The 60/63-kDa band showed homology with hepatocyte mitogen (scatter factor) and zymograms have indicated that the 46-kDa band contains a serine protease activity (Y. Nakajima, unpublished re sults). Antibodies to the ES proteins were used to screen a chick heart cDNA library. Several positive clones were identified, including a novel clone called r2.ES-I.
 
 1 .1
 
 B.l
 
 1 .3 D 1 3 B i rl B
 
 2.1
 
 D1 3Hun34
 
 2.4
 
 hdf locus
 
 D 1 3 Mit B
 
 Icmd7 D 1 3 Bir 1 6
 
 hdf
 
 locus
 
 Dhfr
 
 3.2 D1 3Birt 9
 
 1 .6
 
 Nsxl ,
 
 D1 3Xrf249 D1 3 Bir 1 9 7.4
 
 Ube2b-rst
 
 F i g u re 5 A partial linkage map of mouse chromosome 13 near the hdf mouse transgene insertion site. The location of hdf locus is shown in relation to flanking markers mapped in this (C57BLl6J X Mus spretus) Fl x C57BLl6J backcross (BSB). Recently, we mapped the locus on the (C57BLl6J x Mus spretus) Fl x Mus spretus back cross (BSS) (shown in the expanded region between D 13MitS and D13BirI9). Ctla2a on the BSB panel is the gene symbol for cysteine protease Ctla2 a which maps approximately 16 cm proximal and Ube2B is the symbol for ubiquitin-conjugating enzyme and is ap proximately 11.7 cm distal to the hdf locus. Dhfr, dihydrofolate re ductase; Nsx l , neural specific homeobox 1; D13Xrf249, yeast gene ho mologous to the myocyte-enhancing factor 2 (Mef2); Imcd7 is an anonymous gene from kidney-tubule cell line. All the raw mapping data have been deposited with the Jackson Laboratories mapping panel resource. Genetic distances in cM are shown to the left between markers.
 
 3. Identification and Role of the ES/130 Protein Recombinant fusion protein made from a clone, r2.ES-l.R2, was used as immunogen to prepare a poly clonal antibody. The anti-r.2ES-l antibody recognized a 130-kDa band in EDTA extracts of hearts or myocar dial cell-conditioned medium. Designated ES/130, this protein was found in expression studies to be virtually heart specific in HH stages 8-13 (i.e., before and after fusion of heart fields). Thereafter, it is expressed at other sites of known inductive interactions, including the limb, notochord, and somites (Krug et al., 1 995;
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 F i g u re 6 Induction of the endocardial cushion mesenchyme. The endocardial cushions of the atrioventricular (AV) canal and the outlet of the heart form in the extracellular matrix (cardiac jelly) between the myocardium and the endocardium. Two subpopulations of endothelial cells are present within the endocardium monolayer. These are the endocardial cells that are pos itive for the anti-fibrillin J83 antibody (J83 + ) and those endothelial cells that are negative (J8r) for this marker. The my ocardium induces an epithelial-mesenchymal transition of only the J83 + cells forming a population of migrating cushion mes enchyme that invade the cardiac jelly. The signaling myocardial cells express the homeobox containing gene Msx-2, growth factors TGF-132 and 8MP-4, fibronectin, and other extracellular proteins. The inductive signal can be found within an EDTA sol uble fraction of H.H. stage 14 chick hearts (ES proteins) that consists of several proteins, including ES/J 30 and transferrin. An tibodies to different ES proteins colocalize within the cardiac jelly on multicomponent matrix particles, termed adherons, that transiently appear throughout the cardiac jelly prior to the epithelial-mesenchymal transition of the J83 + endothelial cells. The ES proteins signal the epithelial-mesenchymal transition presumably via an unknown receptor (ES receptor) on the endothe lial cell surface. The competent (183 + ) endocardial cells lose their cell--{;ell contacts (e.g., NCAM) and upregulate substratum adhesion molecules (SAM) and proteases such as MMP-1 required for migration into the cardiac jelly matrix. Induced en dothelial-mesenchymal cells also express fibulin, TGF-131, and Msx-l.
 
 Markwald et al., 1995; Rezaee et aI., 1993). Specifically, for the chick heart, ES/130 is expressed first in the my ocardium and then in the endocardium-mesenchyme (Krug et aI., 1995; Markwald et aI., 1995). Similarly, in the limb, ES/130 is first expressed in the apical ridge ec toderm and then in the subjacent mesenchyme, and for the developing neural tube, it is first expressed in the notochord and then in the neural tube's ventral ftoor plate. This pattern of ES/130 expression suggested to us that the formation of cushion cells might be a pro gressive inductive event called homogenetic induction (Spemann, 1938): a process in which stimulator cells
 
 (such as the myocardium) induce target responder cells (such as the endocardium and cushion mesenchyme), in turn, to become signaling cells. This process might function to sustain or amplify the initial inductive event. This hypothesis predicts that medium conditioned by cushion mesenchymal cells (MCCM) should elicit mes enchyme formation from an endothelial cell mono layer in culture assays. The results of such experi ments have shown that the mesenchymal-conditioned medium is an even more effective inducer than that ob tained from myocardial cells (Ramsdell and Markwald, 1997).
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 Both ES/130 and transforming growth factor-13 (TGF-133) are upregulated upon induction of the tar get endothelial-mesenchymal cells and secreted into MCCM. Antibodies to TGF-133 added to cocultures of myocardium block mesenchyme formation, as do anti sense oligos to TGF-133 (Nakajima et al., 1994; Potts et al., 1991). The inhibitory effect can be overridden by adding TGF-133 (Nakajima et at., 1998). However, the outcome of culture assays in which anti-TGF antibodies were used to immunoabsorb myoCM vs MCCM indi cated that only MCCM lost signaling activity. TGF-133 directly added to control (unconditioned) medium also initiated mesenchyme formation in HH stages 13 + and 14 endothelial monolayers but it took 24 hr longer for induced cells to acquire competency to invade the gel than occurs for MCCM-treated or myocardial coculture (Ramsdell and Markwald, 1997). These findings indicate that TGF-133 expression is a target cell response to the myocardial induction which may function as a homoge netic signal to sustain and amplify cushion formation. ES/130 appears to be required for the myocardial sig naling upstream of TGF-133 activity. Endothelial cells upregulate expression of ES/130 prior to the formation and growth of mesenchyme. Also, those endothelial cells present in a minority of culture assays that do not respond to a inductive stimulus (myocardium, myoCM, MCCM, or TGF-133) do not express ES/130. Since the extracellular levels of ES/130 are relatively low in MCCM compared with myoCM (Ramsdell et al., 1998), the functional role of ES/130 in the endocardial cush ions is unclear. Further characterization of the prote olytic fragments of ES/130 and analysis of any extracel lular form of the protein should help to clarify its functional role. One possibility is that endothelial ES/130 is upregulated and functions within the early steps of transformation leading to a local expression of TGF-133. TGF-133, in turn, functions to upregulate those proteins shown to be expressed both in vivo and in vitro during endothelial transformation. Also under consid eration is the possibility that ES/130 may be part of the intracellular secretory pathway that operates as the in ductive signal moves into the extracellular matrix (E. Krug, personal communication). This hypothetical role is consistent with the localization of ES/130 within se cretory cells found at other embryonic sites of induction such as the apical ectodermal ridge and notochord. Explant studies have shown that the ventricular mus cle cannot substitute for the AV myocardium as a sig naling source to induce mesenchyme (Mjaatvedt et at., 1987). These experiments suggested that the unidenti fied myocardial factor that initiates mesenchyme for-
 
 mation would be expressed within the myocardium of cushion-forming segments (e.g., AV canal) but not ex pressed in non-cushion-forming segments (e.g., atrium or ventricle) prior to mesenchyme formation. Neither TGF-133 nor ES/130 have a segmentally restricted my ocardial pattern of expression that might be expected for the initial signal. However, ES/130 in chick does, in time, become restricted (Ramsdell and Markwald, 1 997). In the mouse, two members of the TGF-13 super family that have been localized to the myocardium in cushion-forming segments prior to mesenchyme forma tion are BMP-2 and BMP-4 (Lyons et al., 1992). Tar geted deletions of these genes have confirmed that they are both important during development (Winnier et al., 1995; Zhang and Bradley, 1996) but have not shed light on their potential role in cushion development. One possibility is to segmentally activate TGF-133 or ES/130 or to support segmental growth. Recent preliminary studies in mouse (H. Yamamura and C. H. Mjaatvedt, 1998, in preparation) have indicated that BMP can directly induce the endothelial mesenchymal transition when added to isolated monolayers of AV endothelial cells on collagen gels. 5. Response of Endothelial Genes to Induction
 
 Part of the target cell initial response to myocardial signaling is the gradual loss of N-CAM and the upregu lation of serine and metalloproteinases (Alexander et al., 1 997; Mjaatvedt and Markwald, 1 989). Both these genes could facilitate the loss of adhesion prior to ma trix invasion. As cell-cell adhesions are lost in the trans forming endocardial cells, other genes needed for ma trix interactions are upregulated, such as fibronectin (Mjaatvedt et at., 1987), cytotactin and fibulin (Bouchey et al., 1996; Hoffman et al., 1 994), hyaluronate synthase (Spicer et al., 1996), and proteoglycans (Funderburg and Markwald, 1986; Hoffman et al., 1 994; Little and Rongish, 1995). In addition to changes in the expression of cell-cell adhesions molecules and of matrix associ ated molecules, morphogens or growth factors, such as TGF-13 (Brand and Schneider, 1 995; Dickson et at., 1 993; Hogan et al., 1 994; Huang et al., 1 995; Nakajima et al., 1 998; Potts et at., 1992; Runyan et al., 1992), insulin like growth factor (Fig. 7), and fibroblast growth factor (Choy et al., 1996), are upregulated in cells within the zone of epithelial-mesenchymal transition. The expres sion of these morphogens may mediate the other changes in gene expression already described. For ex ample, TGF-13 has been shown in this and other systems to stimulate the production of matrix proteins and as sociated receptors. Fibroblast and insulin-like growth factors may mediate the proliferative response of mesenchymal cells located in a zone beneath the en dothelial cell monolayer.
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 IV N o r m a l a n d A b n o rmal M o rphog e n e s i s with proliferation. However, with the expansion of the mesenchyme, other subpopulations close to the my ocardium begin to selectively express genes associated with differentiation. The differential gene expression observed within subpopulations of cushion mes enchyme appears to correspond to the potential devel opmental fates assumed by endocardial cushion cells.
 
 A. Format i o n of Valve Leafl ets
 
 F i g u re 7 Localization of IGF-l and H19 mRNA in the embry onic mouse heart. Dark field image of sections through an embryonic mouse heart (Embryonic Days 10.5 pc) hybridized with radiolabeled probes for H19 (A) and IGF-l mRNA (B). Localization of IGF-l and H19 mRNA is apparent within the endothelial and mesenchymal cells of the atrioventricular (AV) and outlet (Ot) regions.The density of sil ver grains is highest in the endocardium and appears to decrease in the mesenchymal cells that have migrated from the endothelial mono layer. In contrast to the AV and Ot endocardium, the myocardium throughout the heart and the ventricular endothelial monolayer shows little or no developed silver grains. Atrium (At), atrioventricu lar canal (AVe), ventricle (V). Scale bar, 50 fLM.
 
 IV. Developmental Fates of the J 8 3 +
 
 Endocard ial Cu s h ion Cel ls The normal formation of the cellularized cushion is a prerequisite for the septation, valve leaflet formation, and structural alignment of the four-chambered heart. After the initial epithelial to mesenchymal transition, subpopulations of endocardial-derived mesenchyme continue to proliferate and express genes associated
 
 The mature AV valve leaflets are composed in mam mals of approximately equal parts mesenchymal (fi broblastic) and myocardial tissues. Previous work has indicated that the derivation and integration of these two tissue types in the valve leaflets are dependent on the normal maturation of the cushion mesenchyme (Bouchey et aI., 1996; De la Cruz et ai., 1977; Lamers el aI., 1995; Wunsch et aI., 1994). Fusion at the midline of the superior (SAVC) and in ferior cushions forms the AV septum, which divides the common inlet into the right (tricuspid) and left (mitral) inlets. Each inlet opening is surrounded by a rim of cushion tissue containing cells derived from the lateral cushions and the newly formed AV septum. Mes enchyme from the AV cushions extend into the ventri cle along the inner curvature and into the atrium in a plane associated with the primary atrial septum. The ventricular projections may mediate connections of the valve leaflets to the papillary muscles. Studies of heart defects in mice trisomic for chromosome 16 suggest that the atrial extensions are required for normal atrial sep tation (Tasaka et ai., 1996a). In the tricuspid inlet, mitral inlets, and the conal outlet, the prevalvular mesenchyme proliferates producing bulges that project into each lu men. The cellular distribution and proliferation is not uniform throughout the endocardial cushion out growth. Subpopulations of cells immediately adjacent to the lumen divide more rapidly than at sites proximal to the myocardium (R. R. Markwald and C. H. Mjaatvedt, unpublished results). In the zone of prolifer ating cushion mesenchyme, the pattern of valvular fi broblasts is correlated with the expression of growth and transcription factors. Secreted morphogens or growth factors that are correlated with the proliferative zone of cushions include members of the fibroblast fam ily of growth factors such as FGF-1, FGF-2 (Choy et ai., 1996), and FGF-4 (c. Mjaatvedt et aI., unpublished data); members of the insulin family of growth factors, i.e., IGF-1 and -2 and the IGF-associated gene H19 (Fig. 7), and desert hedgehog and BMP-2 (Bitgood and McMahon, 1995). Homeobox-containing genes (Kern et aI., 1995) and other presumed transcription factors ex pressed within the proliferating zone of the cushion mesenchyme include Msxl (Chan-Thomas et aI., 1993),
 
 1 0 E n d ocard ial C u s h i o n Fate a n d Card iac Loo p i n g Prxl, Prx2 (Kern et aI., 1995; Leussink et aI., 1995), Sox4 (Schilham et aI., 1996), and NF-ATc (Park et aI., 1996). Although the expression pattern and nature of these genes are suggestive of irreplaceable function, func tional roles for many of these molecules in heart cush ions remain to be determined. Interestingly, mice made deficient for Msxl (Satokata and Maas, 1994), Prxl, and Prx2 did not provide clearly defective phenotypes in the cushions. Conversly, the homeobox-containing gene Sox4 did show abnormalities in semilunar valve forma tion and the muscular portion of the outlet septum con sistent with the gene expression in these regions during development (Schilham et aI., 1996). Several of these genes could have a redundant function with each other or with genes not yet detected in the cushions. Alterna tively, mice deficient for these genes may have subtle deviations not yet detected but consistent within the context of a different hypothesis.
 
 B . Rol e for C u s h i o n M e s e n c hyme i n t h e C o m p l et i o n of Heart Loo p i n g During the first phase of looping, the primary seg ments are still within a linear array and must be reposi tioned and remodeled during the second phase of loop ing for the forming septa to come into proper alignment.
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 During this process of remodeling and completion of looping, the conal septum must be repositioned or shifted to overlie the left and right ventricles. Simultane ously, the right AV canal must be aligned with the prim itive right ventricle (Fig. 8). This process of alignment is accomplished by the second phase of the looping process in which the ventricular infundibular fold deep ens to bring the inlet and outlet limbs of the heart to gether. Prior to this alignment the blood flow from both the right and left AV canals fills the left ventricle and then exits through the right ventricle and conus outlet. This primitive pattern of blood flow, if retained after birth, is termed double-outlet right ventricle (DORV), a common heart defect observed from a diverse and seem ingly unrelated list of embryonic perturbations in more than one animal species. For example, in avians, any per turbation that affects normal cardiac looping, especially the second phase, often results in a DORV phenotype, including small changes in hemodynamics (Hogers et ai., 1997) and treatments with retinoids (Bouman et aI., 1995). In mice such perturbations include trisomies of chromosomes 13 or 16, the iv/iv mouse (Icardo and Sanchez de Vega, 1991), and targeted gene deletions of the endothelin-1 (Kurihara et aI., 1995), retinoid recep tors (Dyson et aI., 1995), neuregulin and its receptors (Gassmann et aI., 1995; Lee et ai., 1995; Meyer and Birchmeier, 1995) and TFG-(32 (Sanford et aI., 1997).
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 F i g u re 8 Diagram depicting alignment of the septal ridges. At HH stage 20 the right ventricle receives blood flow only from the left ventricle. The flow of blood exits the RV through a common conotruncal region. Subsequent remodeling of the heart tube results in a shift of the atrioventricular septum (AVS) toward the right to position the AVS over the interventricular septum as seen by HH stage 35. During the AVS shift, the conotruncal region and conotruncal septum are also positioned directly over the AVS. These morphogenetic shifts trans form the single inlet and single outlet (double-inlet left ventricle and double-outlet right ventricle) into a four-chambered phenotype in which the right and left ventricles each have a separate atrial inlet and separate outlets for the blood flow (arrows; HH Stage 35).
 
 1 70 1. The Trisomy 16 Mouse Model The trisomy 1 6 (Ts16) mouse (Gropp et ai., 1983) dis plays a high frequency of specific cardiac defects and provides a useful model for understanding the mecha nisms of cushion morphogenesis and their relationship to cardiac looping. A significant degree of synteny exists between human chromosome 21 (Chr21) and the distal region of mouse chromosome 16 (Cabin et ai., 1996; Mjaatvedt et ai., 1993; Reeves et ai., 1986). Also, the Ts1 6 mouse displays some phenotypic similarities with phenotypes observed in Down's syndrome and has been considered as a partial model of human trisomy 21 (Down's syndrome). The incidence of persistent AV septal defect reported in the Ts16 mouse (Gearhart et ai., 1 987; Miyabara et ai., 1982) is similar to that found for Down's syndrome patients (Ferencz et ai., 1 989). However, a more detailed analysis of the phenotype shows that the Ts16 hearts possess a more complicated spectrum of defects (Hiltgen et ai., 1995; Miyabara et ai., 1 982; Webb et ai., 1996). Besides defects in AV septum, other defects include tricuspid atresia, double-inlet left ventricle (DILV), and conotruncal defects, e.g., DORV, subaortic VSD, infundibular and pulmonary stenosis, and transposition of the great arteries not normally as sociated with Down's syndrome (Miyabara et ai., 1982; Webb et ai., 1996). The 22.q1 1 region of human chromosome 22, which is deleted in the DiGeorge syndrome (or CATCH 22), is also found on murine chromosome 16 (Wilson et ai., 1993). Therefore, the structural defects found in the out let of the Ts16 heart may result from the overexpression of genes found more proximally on mouse chromosome 16, outside of the Chr21 homologous region. In both the AV and the outlet region of the Ts16 heart there is a lag or delay in the onset of cushion mesenchyme formation. This delay gives rise to a change in the overall morpho genetic shape of the cushion that correlates with the AV septal defect (Hiltgen et ai., 1995). The change in cush ion shape appears to result from alterations in the Ts16 cell-matrix interactions that reorder the normally ran domized collagen fibers. The delay in cushion formation results in the AV cushions being restricted to the original boundaries of the AV canal. Although not widely recognized, the su perior AV cushion extends both ventricularly and atri ally. Both these extensions occur in a midsaggital plane. The atrial extension contacts the posterior wall of the atrium at the point where extracardiac mesenchyme, called the spina vestibuli (Asami and Koizumi, 1995), enters the atrial wall. Tasaka et ai. (1996b) have noted that the spina vestibuli enters the atrium, growing along the atrial extension of the superior cushion. They have suggested that the spina vestibuli brings an infolding of myocardium with it-the future primary atrial septum.
 
 IV N o rm a l a n d Ab n o rmal M o rp h og e n e s i s Consistent with this hypothesis, a primary atrial septal defect occurs in 100% of trisomic 16 mice and corre lates with a hypoplastic or absent atrial extension of the superior cushion and spina vestibuli (Markwald et ai., 1997). In normal mice and chick embryos, an extension of the SAVC also develops along the inner curvature of the looping heart and fuses with a similar ventricular extension of the sinistro-ventral conal cushion (SVCC). The fusion of these two cushions creates a layer of mes enchyme that underlies the progressively deepening in ner curvature fold of the ventricular myocardium (Fig. 9). Collectively, this region is sometimes called the ven tricular-infundibular fold (VIF). The inner curvature of the heart is established with the onset (first phase) of looping (stage 10+) and anatomically extends from the right AV canal to the right side of the distal conal seg ment. In the second phase of looping the loop of VIF progressively deepens until HH stage 38. However, in the Ts16 mouse, the inner curvature was incompletely lined by cushions, i.e., the SAVC compo nent does not fuse with the SVCC (Wessels and Mark wald, 1998). This correlated 100% with DORV, in which the conus remained connected to the right ventricle. As shown in Fig. 10, both the aorta and pulmonary trunk were open to the right ventricle. Also, there was a spec trum of impaired development of the right AV inlet ranging from a slight narrowing (tricuspid atresia) to the absence of the tricuspid orifice with DILY. V. The Card i ac I n ner Cu rvatu re: Rem od e l i ng by Myocard i a l ization
 
 Analysis of the developing Ts16 heart has shown that the absence of a ventricular extension from the SAVC might be linked to the failure of the conus to shift left ward and counterclockwise (resulting in DORV) and, possibly, the failure to create a right AV inlet. Further analysis showed that the muscularization of cushion tis sue normally observed in this region was delayed or in hibited in the Ts16 heart. Myocardialization is a term used to describe the phenomenon at the inner curvature in which the conal cushions and part of the SAVC be come muscularized through an invasive migration of nonproliferating myocardial cells (Fig. 1 1 ; chick HH. stage 28). As a result of this process, the myocardium is removed from the inner curvature, allowing the poste rior wall of the conus and anterior wall of the right AV canal to merge, forming a shared wall-the mitroaortic continuity. Myocardialization is the final step (or fate) in the morphogenesis of both the SVCC and super ior AV cushion. Results from Ts16 mouse studies indi cate that the failure to initiate myocardialization is a
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 Inferior atrioventricular cushion Sinistro ventral-conal cushion Fig u re 9 Segmental interaction during remodeling of the inner curvature. (Left) The relative positions (1-5) of the endocardial cushion swellings are shown within the looping heart tube (approximately HH stage 24). The outlow tract of the heart consists of a prox imal region defined here as the conus and a more distal part defined as the truncus arteriosus. The myocardium of the heart's inner cur vature is completely lined with cushion tissue (2-4) by the fusion of the sinistro-ventralconal cushion (SVCC) and the superior atrio ventricular cushion (SAVC). The inner curvature myocardium (dashed line) is removed (arrows) during remodeling to allow proper septal alignments. The inner curvature myocardium is the only region of the heart that comes into close interaction with cushion mes enchyme derived from two separate heart segments (the SAVC and the SVCC). (Right) The myocardial cells invade (arrows) the cellu larized cushions that line the inner curvature of the heart tube.
 
 major cause of many of the most common forms of con genital heart disease. The outcome of myocardializa tion is to literally reposition the myocardium from the surface of the inner curvature into the cushion itself, explaining (i) why both the conal septum and superven tricular crest (part of the SVCC) become muscularized, (ii) why heart looping should be considered complete only when the conus segment (anterior limb) of the tubular heart is brought into direct contact with the AV inlet, (iii) why completion of looping is required to es tablish a mitroaortic continuity and an outlet for the left ventricle, and (iv) how the alignment of the conal, A-P, and ventricular septa is established (De la Cruz and Markwald, 1998).
 
 gives rise to the Ts16 heart phenotype. The recent ob servation that the primary problem of Ts1 6 mouse is a looping problem fits this hypothesis (Webb et ai., 1996). Without the SAVC extension, the myocardium of the inner curvature in the Ts1 6 mouse cannot be completely removed or remodeled (because there is no cushion for it to invade or trigger its remodeling). This leads to the hypothesis that a principal fate of cushion tissues specifically those that line the inner curvature (SAVC and SVCC)-is to initiate myocardialization.
 
 A. Mechan i s m to Ex p l a i n Ts 1 6 Heart Defects
 
 The anatomical relationship between the superior AV cushion, the SVCC, and the inner curvature my ocardium suggests that the cushion mesenchyme inter acts with the myocardium to promote or induce the re moval or redistribution of the associated myocardium. The removal of the myocardium at the inner curvature correlates temporally with the muscularization of the cushions by the formation of migrating myocardial cells that invade the underlying cushion matrix. Although cushion matrix is heavily populated with mesenchyme along the inner curvature by stage HH 24 (Embryonic Day 12 in mouse), myocardialization is not initiated un-
 
 Observations of the Ts16 mouse indicate that the fate of the superior AV cushion is crucial to establishing a normal four-chambered heart, including atrial, AV, and outflow septation. Its expansion and extension onto the inner curvature is necessary to mediate the septal alignments that occur during the completion of looping. The inability to adequately infiltrate the inner curvature with cushion mesenchyme is the central deficiency that
 
 B . The M o r p h o g e n etic M e c h a n i s m o f Myocard ia l izat i o n
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 Fig u re 1 1 The process of myocardialization. Photomicrograph of the superior endocardial cushion. The myocardium has been im munostained with a myosin heavy chain. By this stage, myocardial cells (arrowheads) can be seen to invade the adjacent cellularized en docardial cushion (EC) in a process termed "myocadialization." Scale bar, 100 FJ-M. Fig u re 10 Photomicrograph of a trisomy 16 (Ts16) mouse heart (Embryonic Day 16 pc) showing double-outlet right ventricle. The myocardium is immunostained for MHC. Blood flow (arrows) from the right ventricle (RV) enters both the aortic (A) and pulmonary (P) outflow (double-outlet right ventricle). Scale bar, 500 FJ-M.
 
 til after this time point is reached. This suggests that dif ferentiation of the cushion mesenchyme may be as im portant as its initial formation. The up regulation of new sets of genes by the "differentiated" cushion mes enchyme may actually induce the invasion of the my ocardial cells. A hypothetical mechanism of how cush ion mesenchyme might induce myocardialization is considered in Fig. 12. Cushion mesenchyme at the inter face with the myocardium is postulated to be older and further differentiated than newly formed mesenchyme at the lumenal surface and therefore more competent to induce the myocardialization process. Homebox genes known to be expressed in these pu tatively differentiated and undifferentiated regions are good candidates for molecular regulatory mechanism. Four nonclustered homeobox genes are known to be
 
 expressed in both AV and outflow cushion tissues: Msx1 (Chan-Thomas et ai., 1993), Meox-l (Candia et ai., 1992), and Prx-l and Prx-2 (Kern et ai., 1995; Leussink et ai., 1995). The helix-loop-helix gene, ld, is also ex pressed (Evans and O'Brien, 1993). However, the role of these genes in cushion morphogenesis is not known. The timing of their expression would suggest that their function would follow after the initial transformation of endocardium into mesenchyme. In mice, Msx-l and Meox-l are expressed reciprocally, with Meox-l strongest in the differentiated mesenchyme proximal to the myocardial interface (Barton et ai., 1995). Accord ingly, we hypothesize that Msx-l is antidifferentiative to the remodeling process and Meox-l is prodifferen tiative to remodeling. This would be consistent with the effect of Msx-l on inhibiting myoD expression in myoblasts (Wang and Sassoon, 1995) and the Msx-l knockout mouse in which no obvious defects were seen in the heart (Satokata and Maas, 1994). Our hy pothesis, if correct, would predict normal (or accel erated) remodeling of the inner curvature if Msx-l
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 Myocardium
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 26 H.H.
 
 28
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 15
 
 Gestational Day (mouse) F i g u re 1 2 A schematic diagram depicting a proposed model of the fates of AV endocardial cushion along the in ner curvature. The cellularized endocardial cushion can be divided into a proliferative zone and a differentiative zone. The proliferating zone is the region of mesenchyme distal to the myocardium and located just beneath the endocardial "ridge" of cushion that extends into the heart lumen. Mesenchyme located in the proliferative zone have been shown to express the genes associated with cell proliferation, such as FGF, Msxl, Prxl, and ld. The differentiative zone of mes enchyme lies more proximal to the myocardium. The mesenchyme in this region are less proliferative and no longer ex press Msxl and ld but express other genes, such as Meoxl and Prxl, that might alter the local matrix environment and facilitate the inner curvature myocardial invasion of the cushion. The ridge hypothesis is consistent with observations that during stages of cushion remodeling (chick HH stages 24-28 and mouse (Embryonic Days 12-15 pc), the distal tip of the cushions becomes elongated and extends into the lumen of the heart-forming septal ridges (conus) or valve leaflets (truncus), whereas the proximal portion of the cushion, particularly along the inner curvature, becomes muscu larized during these stages of development.
 
 were inhibitory to this morphogenetic event. Thus, overexpression of Msx-l might be more revealing re garding the role of this homeobox gene. Conversely, inhibiting Meox-l might be the best approach to deter mine if the fate of cushions is to promote myocardial ization.
 
 VI. Concl u s ion The formation and differentiation of the endocardial cushions and the process of heart looping are central events required for the reorganization of the single heart tube into a four-chambered structure. Both these events appear to be regulated by the segmental restric tion of gene expression along the anterior-posterior axis of the heart tube. Because of segmental restrictions,
 
 we proposed that the endocardial cushions form in only two regions of the tube. The initial rightward bend of the tube separates the first two segments into the initial inlet and outlet of the primitive heart. The completion of looping, which accompanies remodeling, brings the inlet and outlet segments of the tube into their correct anatomical relationship and alignment. The endocardial cushions then have multiple functions: (i ) to divide the inlet into a right and left side, (ii) to form the valvular leaflets through the growth and differentiation of the cushion's luminal surface, and (iii) to induce myocar dialization which removes the myocardium from the in ner curvature of the heart, bringing the internal septa into alignment. Thus, any perturbations that restrict the growth and/or normal differentiation of the cushions could be expected to give rise to a common defective phenotype. This may explain why a wide variety of en-
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 vironmental insults and a diverse assortment of gene mutations can result in a similar spectrum of inlet and outlet heart defects.
 
 Refe re nces Alexander, S. M., Jackson, K. J. , Bushnell, K . M., and McGuire, P. G. (1997). Spatial and temporal expression of the 72-kDa type IV col lagenase (MMP-2) correlates with development and differentia tion of valves in the embryonic avian heart. Dev. Dyn. 209, 261-268. Asami, 1., and Koizumi, K. (1995). Development of the atrial septal complex in the human heart: Contribution of the spinal vestibuli. In "Developmental Mechanisms of Heart Disease" (E. B. Clark and A. Takao, eds.), pp. 255-260. Futura Pub!. Co., Armonk, NY. Barton, P. J. R., Boheler, K. R., Brand, N. J., and Thomas, P. S. (1995). "Molecular Biology of Cardiac Development and Growth." Springer-Verlag, Heidelberg. Bitgood, M. J., and McMahon, A. P. (1995). Hedgehog and Bmp genes are coexpressed at many diverse sites of cell-cell interaction in the mouse embryo. Dev. Bioi. 172, 126-138. Bouchey, D., Argraves, W. S., and Little, C. D. (1996). Fibulin-1 , vit ronectin, and fibronectin expression during avian cardiac valve and septa development. Anat. Rec. 244, 540-551. Bouman, H. G., Broekhuizen, M. L., Baasten, A. M., Gittenberger-de Groot, A. c., and Wenink, A. C. (1995). Spectrum of looping dis turbances in stage 34 chicken hearts after retinoic acid treatment. Anat. Rec. 243, 101-108. Bouwmeester, T., Kim, S., Sasai, Y., Lu, B., and De Roberts, E. M. (1996). Cerberus is a head-inducing secreted factor expressed in the anterior endoderm of Spemann's organizer. Nature (London) 382, 595-601 . Brand, T., and Schneider, M. D. (1995). Th e TGF beta superfamily in myocardium: Ligands, receptors, transduction, and function. 1 Mol. Cell. Cardiol. 27, 5-18. Brueckner, M., D'Eustachio, P., and Horwich, A. L. (1989). Linkage mapping of a mouse gene, iv, that controls left-right asymmetry of the heart and viscera. Proc. Natl. Acad. Sci. U. S.A. 86, 5035-5038. Cabin, D., Citron, M., McKee-Johnson, J., Mjaatvedt, A. E., and Reeves, R. (1996). Encyclopedia of the mouse genome V. Mouse chromosome 16. Mamm. Genome 6 (Spec. No.), S271-S280. Candia, A. F. , Hu, J., Crosby, J., Lalley, P. A., Noden, D., Nadeau, J. H., and Wright, C. V. (1992). Mox-1 and Mox-2 define a novel home obox gene subfamily and are differentially expressed during early mesodermal patterning in mouse embryos. Development (Cam bridge, UK) 116, 1123-1136. Carlevaro, M. F. , Albini, A., Ribatti, D., Chiara, G., Benelli, R., Cer melli, S., Cancedda, R., and Cancedda, F. D. (1997). uansferrin pro motes endothelial cell migration and invasion: Implication in carti lage neovascularization. l Cell BioI. 136, 1375-1384. Chan-Thomas, P. S., Thompson, R. P., Robert, B., Yacoub, M. H., and Barton, P. J. (1993). Expression of homeobox genes Msx-1 (Hox-7) and Msx-2 (Hox-8) during cardiac development in the chick. Dev. Dyn. 197, 203-216. Choy, M., Oltjen, S. L., Otani, Y. S., Armstrong, M. T., and Armstrong, P. B. (1996). Fibroblast growth factor-2 stimulates embryonic car diac mesenchymal cell proliferation. Dev. Dyn. 206, 193-200. De Haan, R. L. (1965). "Morphogenesis of the Vertebrate Heart." Holt, Rinehart & Winston, New York. De la Cruz, M. v., and Markwald, R. R. (1998). "Living Morphogene sis of the Heart." Springer-Verlag, Heidelberg.
 
 D e la Cruz, M . v. , Sanchez Gomez, c., Arteaga, M . M., and Arguello, C. (1977). Experimental study of the development of the truncus and the conus in the chick embryo. 1 Anat. 123, 661-686. De la Cruz, M. v., Gimenez-Ribotta, M., Saravalli, 0., and Cayre, R. (1983). The contribution of the inferior endocardial cushion of the atrioventricular canal to cardiac septation and to the development of the atrioventricular valves: Study in the chick embryo. Am. 1 Anat. 166, 63-72. De la Cruz, M. v., Sanchez-Gomez, c., and Palomino, M. A. (1989). The primitive cardiac regions in the straight tube heart (stage 9-) and their anatomical expression in the mature heat: An experi mental study in the chick heart. 1 Anat. 165, 121-131. Dickson, M. C., Slager, H. G., Duffie, E., Mummery, C. L., and Akhurst, R. J. (1993). RNA and protein localisations of TGF beta 2 in the early mouse embryo suggest an involvement in cardiac develop ment. Development (Cambridge, UK) 117, 625-639. Drake, C. J., and Jacobson, A. G. (1988). A survey by scanning elec tron microscopy of the extracellular matrix and endothelial components of the primordial chick heart. Anat. Rec. 222, 391400. Dyson, E., Sucov, H. M., Kubalak, S. w., Schmid-Schonbein, G. w., De Lano, F. A., Evans, R. M., Ross, J., Jr., and Chien, K. R. (1995). Atrial-like phenotype is associated with embryonic ventricular fail ure in retinoid X receptor alpha -/- mice. Proc. Natl. Acad. Sci. U.S.A. 92, 7386-7390. Edmondson, D. G., Lyons, G. E., Martin, J. F. , and Olson, E. N. (1994). Mef2 gene expression marks the cardiac and skeletal muscle lineages during mouse embryogenesis. Development (Cambridge, UK) 120, 1251-1263. Eisenberg, C. A., and Bader, D. (1995). QCE-6: A clonal cell line with cardiac myogenic and endothelial cell potentials. Dev. BioI. 167, 469-481. Eisenberg, L. M., and Markwald, R. R. (1995). Molecular regulation of atrioventricular valvuloseptal morphogenesis. Cire. Res. 77, 1-6. Evans, S. M., and O'Brien, T. X. (1993). Expression of the helix-Ioop helix factor Id during mouse embryonic development. Dev. BioI. 159, 485-499. Ferencz, c., Neill, c., Boughman, J., Rubin, J., Brenner, J., and Perry, L. (1989). Congenital cardiovascular malformations associated with chromosome abnormalities: An epidemiologic study [see com ments]. 1 Pediatr. 114, 79-86. Funderburg, F. M., and Markwald, R. R. (1986). Conditioning of na tive substrates by chondroitin sulfate proteoglycans during cardiac mesenchymal cell migration. 1 Cell Biol. 103, 2475-2487. Garcia-Martinez, V., Darnell, D. K., Lopez-Sanchez, c., Sosic, D., Ol son, E. N., and Schoenwolf, G. C. (1997). State of commitment of prospective neural plate and prospective mesoderm in late gas trula/early neurula stages of avian embryos. Dev. BioI. 181, 102-115. Gassmann, M., Casagranda, F. , Orioli, D., Simon, H., Lai, c., Klein, R., and Lemke, G. (1995). Aberrant neural and cardiac development in mice lacking the ErbB4 neuregulin receptor [see comments]. Na ture (London) 378, 390-394. Gearhart, J., Oster-Granite, M., Reeves, R., and Coyle, J. (1987). De velopmental consequences of autosomal aneuploidy in mammals. Dev. Genet. 8, 249-265. Gropp, A., Winking, H., Herbst, E., and Claussen, C. (1983). Murine trisomy: Developmental profiles of the embryo, and isolation of tri somic cellular systems. 1 Exp. Zool. 228, 253-269. Hamburger, v., and Hamilton, H. L. (1951). A series of normal stages in the development of the chick embryo. 1951 [classical article]. Dev. Dyn. 195, 231-272. Hiltgen, 0., Litke, L., and Markwald, R. R. (1995). Morphogenetic alter-
 
 1 0 E n docard ial C u s h i o n Fate a n d Card i ac Loo p i n g ations during endocardiac cushion development in trisomy 16 (Down's) mouse. Pediatr. Cardio!' 17, 21-30. Hoffman, S., Dutton, S. L., Ernst, H., Boackle, M. K., Everman, D., Tourkin, A., and Loike, J. D. ( 1994) . Functional characterization of antiadhesion molecules. Perspect. Dev. Neurobio!. 2, 101-110. Hogan, B. L., Blessing, M., Winnier, G. E., Suzuki, N., and Jones, C. M. ( 1994) . Growth factors in development: The role of TGF-beta re lated polypeptide signalling molecules in embryogenesis. Develop ment (Cambridge, UK) Supp!., pp. 53-60. Hogers, B., De Ruiter, M. c., Gittenberger-de Groot, A. c., and Poel mann, R. E. ( 1997) . Unilateral vitelline vein ligation alters intra cardiac blood flow patterns and morphogenesis in the chick em bryo. Circ. Res. 80, 473-48l . Huang, J. X., Potts, J. D., Vincent, E. B., Weeks, D . L., and Runyan, R. B. ( 1995 ) . Mechanisms of cell transformation in the embryonic heart. Ann. N Y. Acad. Sci. 752, 317-330. !cardo, J. M., and Sanchez de Vega, M. J. ( 1991 ) . Spectrum of heart malformations in mice with situs solitus, situs inversus, and associ ated visceral heterotaxy. Circulation 84, 2547-2558. Isokawa, K., Rezaee, M., Wunsch, A., Markwald, R. R., and Krug, E. L. (1994). Identification of transferrin as one of multiple EDTA extractable extracellular proteins involved in early chick heart mor phogenesis. J Cell Biochem. 54, 207-218. Jones, C. M., Lyons, K. M., and Hogan, B. L. ( 1991 ) . Involvement of Bone Morphogenetic Protein-4 (BMP-4) and Vgr-l in morphogen esis and neurogenesis in the mouse. Development (Cambridge, UK) 111, 531-542. Kern, M., Argao, E., and Potter, S. ( 1995 ) . Homeobox genes and heart development. Trends Cardiovasc. Med. 5, 47-54. Kitten, G. T., Markwald, R. R., and Bolender, D. L. (1987). Distribu tion of basement membrane antigens in cryopreserved early em bryonic hearts. Anat. Rec. 217, 379-390. Krug, E. L., Rezaee, M., Isokawa, K., Turner, D. K., Litke, L. L., Wunsch, A. M., Bain, J. L., Riley, D. A., Capehart, A. A., and Mark wald, R. R. ( 1995) . Transformation of cardiac endothelium into cushion mesenchyme is dependent on ES/130: Temporal, spatial, and functional studies in the early chick embryo. Cell Mo!. Bio!. Res. 41, 263-277. Kubalak, S. w., Miller-Hance, W. c., O'Brien, T. X., Dyson, E., and Chien, K. R. (1994). Chamber specification of atrial myosin light chain-2 expression precedes septation during murine cardiogene sis. ! Bio!. Chern. 269, 16961-16970. Kurihara, Y., Kurihara, H., Oda, H., Maemura, K., Nagai, R., Ishikawa, T., and Yazaki, Y. ( 1995) . Aortic arch malformations and ventricu lar septal defect in mice deficient in endothelin-l. J Clin. Invest. 96, 293-300. Lamers, W. H., Viragh, S. S., Wessels, A., Moorman, A. F. M., and An derson, R. H. ( 1995 ) . Formation of the tricuspid valve in the human heart. Circ. Res. 91, 111-12l. Lee, K., Simon, H., Chen, H., Bates, B., Hung, M., and Hauser, C. ( 1995) . Requirement for neuregulin receptor erbB2 in neural and cardiac development [see comments]. Nature (London) 378, 394-398. Leussink, B., Brouwer, A., el Khattabi, M., Poelmann, R. E., Gittenberger-de Groot, A. c., and Meijlink, F. ( 1995 ) . Expression patterns of the paired-related homeobox genes MHox/Prxl and S8/Prx2 suggest roles in development of the heart and the fore brain. Mech. Dev. 52, 51-64. Levin, M., Johnson, R., Stern, c., Kuehn, M., and Tabin, C. ( 1995 ) . A molecular pathway determining left-right asymmetry in chick em bryogenesis. Cell (Cambridge, Mass.) 82, 803-814. Lin, Q., Schwarz, J., Bucana, c., and Olson, E. N. (1997). Control of mouse cardiac morphogenesis and myogenesis by transcription factor MEF2C. Science 276, 1404-1407.
 
 1 75
 
 Lints, T. J., Parsons, L. M., Hartley, L., Lyons, 1., and Harvey, R. P. ( 1993) . Nkx-2.5: a novel murine homeobox gene expressed in early heart progenitor cells and their myogenic descendants. Devel opment (Cambridge, UK) 119, 419-431; published erratum: 119(3 ) , 969. Little, C. D., and Rongish, B. J. ( 1 995) . The extracellular matrix during heart development. Experientia 51, 873-882. Lough, J., Barron, M., Brogley, M., Sugi, Y., Bolender, D. L., and Zhu, X. ( 1996 ) . Combined BMP-2 and FGF-4, but neither factor alone, induces cardiogenesis in nonprecardiac embryonic mesoderm. Dev. Bioi. 178, 198-202. Lyons, 1., Parsons, L. M., Hartley, L., Li, R., Andrews, J. E., Robb, L., and Harvey, R. P. ( 1995) . Myogenic and morphogenetic defects in the heart tubes of murine embryos lacking the homeo box gene Nkx2-5. Genes Dev. 9, 1654-1666. Lyons, K. M., Jones, C. M., and Hogan, B. L. (1992). The TGF-beta related DVR gene family in mammalian development. Ciba Found. Symp. 165, 219-230. Manasek, F. J. (1968). Embryonic development of the heart. 1. A light and electron microscopic study of myocardial development in the early chick embryo. J Morpho!. 125, 329-365. Markwald, R. R., Rezaee, M., Nakajima, Y., Wunsch, A., Isokawa, K., Litke, L., and Krug, E. (1995). "Molecular Basis for the Segmen tal Pattern of Cardiac Cushion Mesenchyme Formation: Role of ES/130 in the Embryonic Chick Heart." Futura Pub!. Co., Armonk, NY. Markwald, R. R., Eisenberg, c., Eisenberg, L., Trusk, T., and Sugi, Y. ( 1996) . Epithelial-mesenchymal transformations in early avian heart development. Acta Anat. 156, 173-186. Markwald, R. R., Fitzharris, T. P., and Smith, W. N. ( 1975) . Structural analysis of endocardial cytodifferentiation. Dev. Bio!. 42, 160-180. Markwald, R. R., Fitzharris, T. P., and Manasek, F. J. (1977). Structural development of endocardial cushions. Am. J Anal. 148, 85-119. Markwald, R. R., Trusk, T., Gittenberger-de Groot, A., and Poelmann, R. ( 1997) . Cardiac morphogenesis: Formation and septation of the primary heart tube. In "Drug Toxicity in Embryonic Development I" (R. Kavlock and G. Daston, eds.), pp. 1 1-33. Springer-Verlag, Heidelberg. Meno, c., Saijoh, Y., Fujii, H., Ikeda, M., Yokoyama, T., Yokoyama, M., Toyoda, Y., and Hamada, H. (1996). Left-right asymmetric expres sion of the TGF beta-family member lefty in mouse embryos. Na ture (London) 381, 151-155. Meyer, D., and Birchmeier, C. ( 1995 ) . MUltiple essential functions of neuregulin in development [see comments]. Nature (London) 378, 386-390. Miyabara, S., Gropp, A., and Winking, H. (1982). Trisomy 16 in the mouse fetus associated with generalized edema and cardiovascular and urinary tract anomalies. Teratology 25, 369-380. Mjaatvedt, A. E., Citron, M. P., and Reeves, R. H. ( 1993 ) . High resolution mapping of DI6Ied-l, Gart, Gas-4, Cbr, Pcp-4, and Erg on distal mouse chromosome 16. Genomics 17, 382-386. Mjaatvedt, C. H., and Markwald, R. R. (1989). Induction of an epithelial-mesenchymal transition by an in vivo adheron-like com plex. Dev. Bio!. 136, 118-128; published erratum: 137( 1 ) , 217 ( 1990) . Mjaatvedt, C. H., Lepera, R. c., and Markwald, R. R. (1987). Myocar dial specificity for initiating endothelial-mesenchymal cell transi tion in embryonic chick heart correlates with a particulate distrib ution of fibronectin. Dev. Bio!. 119, 59-67. Mjaatvedt, C. H., Krug, E. L., and Markwald, R. R. (1991). An anti serum (ESl) against a particulate form of extracellular matrix blocks the transition of cardiac endothelium into mesenchyme in culture. Dev. Bioi. 145, 21 9-230. Mjaatvedt, C. H., Yamamura, H., and Markwald, R. R. ( 1997 ) . Molec-
 
 1 76 ular and pheotypic characterization of the hdf (heart defect) mouse insertional mutation. Int. Congr. Dev. BioI., 13th, Snow bird, UT. Molkentin, J. D., Kalvakolanu, 0. v., and Markham, B. E. (1994). Tran scription factor GATA-4 regulates cardiac muscle-specific expres sion of the alpha-myosin heavy-chain gene. Mol. Cell BioI. 14, 4947-4957. Nakajima, Y., Krug, E. L., and Markwald, R R (1994). Myocardial regulation of transforming growth factor-beta expression by out flow tract endothelium in the early embryonic chick heart. Dev. BioI. 165, 615-626. Nakajima, Y., Yamagishi, T., Nakamura, H., Markwald, R R, and Krug, E. L. (1998). An autocrine function for transforming growth factor (TGF)-B3 in the transformation of atrioventricular canal endocardium into mesenchyme during chick heart development. Dev. BioI. 194, 99-113. O'Brien, T. X., Lee, K. J., and Chien, K. R (1993). Positional specifica tion of ventricular myosin light chain 2 expression in the primitive murine heart tube. Proc. Natl. Acad. Sci. U. S.A. 90, 5157-516l. Olson, E. N., and Srivastava, D. (1996). Molecular pathways control ling heart development. Science 272, 671-676. Park, J., Takeuchi, A., and Sharma, S. (1996). Characterization of a new isoform of the NFAT (nuclear factor of activated T cells) gene fam ily member NFATc. J. BioI. Chem. 271, 20914-2092l . Potts, J. D., Dagle, J. M., Walder, J. A., Weeks, D. L., and Runyan, R B. (1991). Epithelial-mesenchymal transformation of embryonic car diac endothelial cells is inhibited by a modified antisense oligodeoxynucleotide to transforming growth factor beta 3. Proc. Natl. Acad. Sci. U.S.A. 88, 1516-1520. Potts, J. D., Vincent, E. B., Runyan, R B., and Weeks, D. L. (1992). Sense and antisense TGF beta 3 mRNA levels correlate with car diac valve induction. Dev. Dyn. 193, 340-345. Ramsdell,A. E, and Markwald, R R (1997). Induction of endocardial cushion tissue in the avian heart is regulated, in part, by TGFbeta3-mediated autocrine signaling. Dev. BioI. 188, 64-74. Ramsdell, A., Moreno-Rodriguez, R, Wienecke, M., Sugi, Y., Turner, D., Mjaatvedt, C, and Markwald, R (1998). Identification of an au tocrine signaling pathway that amplifies induction of endocardial cushion tissue in the avian heart. Acta Anat. In press. Rawles, M. (1943). The heart forming areas of the early chick blasto derm. Physiol. Zool. 16, 22-42. Reeves, R , Gearhart, J., and Littlefield, 1. (1986). Genetic basis for a mouse model of Down syndrome. Brain Res. Bull. 16, 803-814. Rezaee, M., Isokawa, K., Halligan, N., Markwald, R R, and Krug, E. L. (1993). Identification of an extracellular 130-kDa protein in volved in early cardiac morphogenesis. 1. Bioi. Chem. 268, 14404-1441 l . Rongish, B . J., Drake, C J., Argraves, W. S., and Little, C D. (1998). Identification of the developmental marker, lB3-antigen, as fibrillin-2 and its de novo organization into embryonic microfibrous arrays. Dev. Dyn. 212, 461-47l . Rosenquist, G., and DeHaan, R (1966). Migration of precardiac cells in the chick embryo: A radiographic study. Carnegie Inst. Washing ton, Contrib. Embryol. 38, 1 1 1-12l. Runyan, R B., Potts, J. D., and Weeks, D. L. (1992). TGF-beta 3-medi ated tissue interaction during embryonic heart development. Mol. Reprod. Dev. 32, 152-159. Ruzicka, D. L., and Schwartz, R J. (1988). Sequential activation of alpha-actin genes during avian cardiogenesis: Vascular smooth muscle alpha-actin gene transcripts mark the onset of cardiomy ocyte differentiation. 1. Cell BioI. 107, 2575-2586. Sabin, F. R (1920). Studies on the origin of blood-vessels and of red blood-corpuscles as seen in the living blastoderm of chicks during the second day of incubation. Carnegie Inst. Washington, Contrib. Embryol. 9, 213-262.
 
 IV N o rmal a n d A b n o rmal M o r p hog e n e s i s Sanford, L . P., Ormsby, I., Gittenberger-de Groot, A . C , Sariola, H., Friedman, R , Boivin, G. P., Cardell, E. L., and Doetschman, T. (1997). TGFbeta2 knockout mice have multiple developmental de fects that are non-overlapping with other TGFbeta knockout phe notypes. Development (Cambridge, UK) U4, 2659-2670. Satokata, I., and Maas, R (1994). Msxl deficient mice exhibit cleft palate and abnormalities of craniofacial and tooth development. Nat. Genet. 6, 348-356. Schilham, M. W., Oosterwegel, M. A., Moerer, P., Ya, J., de Boer, P. A., van de Wetering, M., Verbeek, S., Lamers, W. H., Kruisbeek, A. M., Cumano, A., and Clevers, H. (1996). Defects in cardiac outflow tract formation and pro-B-lymphocyte expansion in mice lacking Sox-4. Nature (London) 380, 711-714. Schubert, D., La Corbiere, M., and Esch, F. (1986). A chick neural retina adhesion and survival molecule is a retinol-binding protein. 1. Cell BioI. 102, 2295-230l. Seymour, A., Yanak, B., O'Brien, E., Rusiniak, M., Novak, E., Pinto, L., Swank, R , and Gorin, M. (1996). An integrated genetic map of the pearl locus of mouse chromosome 13. Genome Res. 6, 538-544. Sinning, A. R, Krug, E. L., and Markwald, R R (1992). Multiple gly coproteins localize to a particulate form of extracellular matrix in regions of the embryonic heart where endothelial cells transform into mesenchyme. Anat. Rec. 232, 285-292. Sinning, A. R, Hewitt, C H., and Markwald, R R (1995). A subset of SBA lectin binding proteins isolated from myocardial conditioned medium transforms cardiac endothelium. Acta Anat. 154, 1 1 1-119. Smith, S. M., Dickman, E. D., Thompson, R P., Sinning, A. R, Wunsch, A. M., and Markwald, R R (1997). Retinoic acid directs cardiac laterality and the expression of early markers of precardiac asym metry. Dev. Bioi. 182, 162-171. Spemann, H. (1938). "Embryonic Development and Induction." Yale University Press, New Haven, CT. Spicer, A. P., Augustine, M. L., and McDonald, 1. A. (1996). Molecular cloning and characterization of a putative mouse hyaluronan syn thase. 1. BioI. Chem. 271, 23400-23406. Stalsberg, H., and De Haan, R L. (1969). The precardiac areas and formation of the tubular heart in the chick embryo. Dev. BioI. 19, 128-159. Sugi, Y., and Lough, 1. (1995). Activin-A and FGF-2 mimic the induc tive effects of anterior endoderm on terminal cardiac myogenesis in vitro. Dev. BioI. 168, 567-574. Sugi, Y., and Markwald, R. R, (1996). Formation and early morpho genesis of endocardial precursor cells and the role of the endo derm. Dev. Bioi. 175, 66-83. Tasaka, H., Krug, E. L., and Markwald, R R (1996a). Origin of the pulmonary venous orifice in the mouse and its relation to the mor phogenesis of the sinus venosus, extracardiac mesenchyme (spina vestibuli), and atrium. Anat. Rec. 246, 107-113. Tasaka, H., Krug, E. L., and Markwald, R R (1996b). Origin of the pulmonary venous orifice in the mouse and its relationship to the morphogenesis of the sinus venosus, extracardiac mesenchyme (sina vestibuli) and atrium. Anat. Rec. 246, 107-1 13. Viragh, S., Szabo, E., and Challice, C E. (1989). Formation of the prim itive myo- and endocardial tubes in the chicken embryo. 1. Mol. Cell. Cardiol. 21, 123-137. Wang, Y., and Sassoon, D. (1995). Ectoderm-mesenchyme and mesenchyme-mesenchyme interactions regulate Msx-l expression and cellular differentiation in the murine limb bud. Dev. BioI. 168, 374-382. Webb, S., Anderson, R H., and Brown, N. A. (1996). Endocardial cush ion development and heart loop architecture in the trisomy 16 mouse. Dev. Dyn. 206, 301-309. Wessels, A., and Markwald, R R (1998). In preparation.
 
 1 0 E n d ocard ial C u s h i o n Fate a n d Card iac Loo p i n g Wilson, D., Burn, J., Scrambler, P., and Goodship, J. (1993). DiGeorge syndrome: Part of CATCH 22. 1. Med. Genet. 30, 852-856. Winnier, G., Blessing, M., Labosky, P. A., and Hogan, B. L. (1995). Bone morphogenetic protein-4 is required for mesoderm forma tion and patterning in the mouse. Genes Dev. 9, 2105-2116. Wunsch, A. M., Little, C. D., and Marwald, R. R., (1994). Cardiac en dothelial heterogeneity defines valvular development as demon strated by the diverse expression of JB3, an antigen of the endo cardial cushion tissue. Dev. BioI. 165, 585-60l. Yamamura, H., and Mjaatvedt, C. H. (1998). In preparation. Yamamura, H., Zhang, M., Markwald, R. R., and Mjaatvedt, C. (1997). A heart segmental defect in the anterior-posterior axis of a trans genic mutant mouse. Dev. BioI. 186, 58-72.
 
 1 77
 
 Yokoyama, T., Copeland, N. G., Jenkins, N. A., Montgomery, C. A., El der, F. F., and Overbeek, P. A. (1993). Reversal of left-right asym metry: A situs inversus mutation. Science 260, 679-682. Yutzey, K. E., Rhee, J. T., and Bader, D. (1994). Expression of the atrial-specific myosin heavy chain AMHC1 and the establishment of anteroposterior polarity in the developing chicken heart. Devel opment ( Cambridge, UK) 120, 871-883. Zhang, H., and Bradley, A. (1996). Mice deficient for BMP2 are non viable and have defects in amnion/chorion and cardiac develop ment. Development ( Cambridge, UK) 122, 2977-2986. Zou, Y., Evans, S., Chen, J. , Kuo, H., Harvey, R., and Chien, K. (1997). CARP, a cardiac ankyrin repeat protein, is downstream in the Nkx2-5 homeobox gene pathway. Development (Cambridge, UK) 124, 793-804.
 
 •
 
 •
 
 1 1 Co n t ri b u t i o n of N e u ra l C re s t to H ea rt a n d Ves se l M o r p h o l ogy Margaret L . Kirby Developmental Biology Program, Institute of Molecular Medicine and Genetics, Medical College of Georgia, Augusta, Georgia 30912
 
 I . I ntrod uction
 
 nal sites (Fraser and Bronner-Fraser, 1 991; Stern et al., 1 991) . While neural crest extends cranially to caudally
 
 II. The Neu ral Crest Ablation Model i n Ch ick E m b ryos
 
 in the neural axis, the neural crest cranial to somite
 
 I I I . Phenocopies of Neu ral Crest Ablation in Mammals
 
 cells than neural crest caudal to somite 5 and has been called cranial neural crest (Le Douarin, 1982; Horsta dius,
 
 IV. DORV and Red Herrings
 
 1950).
 
 Neurons, glia (Schwann and support cells),
 
 and melanocytes are generated from the entire length
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 5
 
 has a greater potential for generating mesenchymal
 
 of the neural crest (Le Douarin,
 
 References ,
 
 Numerous
 
 in vivo
 
 and
 
 1 982; Horstadius, 1950). in vitro studies have assessed
 
 whether certain neural crest cell lineages are deter mined before migration (Le Douarin,
 
 I . I ntrod u ction
 
 and Bronner-Fraser, Artinger and
 
 1991;
 
 1990;
 
 Fraser
 
 Ito and Sieber-Blum,
 
 Bronner-Fraser,
 
 1 992;
 
 Erickson
 
 1 991; and
 
 Perris,
 
 1 993; Horstadius, 1950; Nakamura and Ayer Le Lievre, 1982; Wachtler, 1 984; Weston, 1 982; Steller, 1 995; Riccardi, 1991; Noden, 1978, 1980). In general, cer
 
 Neural crest is composed of a pleuripotent cell population that originates from most of the craniocau dal length of the neural tube and migrates to various locations during early embryonic development (Le
 
 tain individual cells are determined for their lineage,
 
 Douarin,
 
 1 982; Horstadius, 1950; Bronner-Fraser, 1 994; Bronner-Fraser and Fraser, 1 989). The cell lineage de
 
 i.e., melanocyte, neural, or mesenchymal before migra
 
 terminants within this population are partly acquired at
 
 after they reach their terminal destination. While this
 
 their original axial location, and additional information
 
 can be said for individual cells, it appears that neither
 
 is encountered in their migratory pathway and at termi-
 
 entire lineages nor cell populations are fully committed
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 1 80 prior to migration, such that a significant proportion of cells leaving the neural folds must be influenced by fac tors in the migration pathway before establishing their identity. It is not known whether a certain number of cells leaving the neural folds are determined to follow a neuronal or smooth muscle lineage. Certain cellular characteristics within a particular lineage, i.e., neuro transmitter identity, are not decided until neuronal pre cursors reach their terminal destination. In the trunk, the mesoderm is segmented and is thought to provide craniocaudal positional information to the neural tube (Lumsden and Krumlauf, 1996). In the head, neural crest-derived mesenchyme is thought to carry information for craniocaudal identity of the pharyngeal arch derivatives (Lumsden and Krumlauf, 1996). Some studies indicate that genes involved in po sitional identity are somewhat autonomous from those that establish cell lineage. If neural crest destined for one arch is transplanted to another location it develops many of the structures that it should have expressed in its original location rather than being converted to produce structures appropriate for the new location (Noden, 1988; Kirby, 1989). Much of the information regarding cranial neural crest is derived from chick embryos using quail-to-chick chimeras, in situ marking, and ablation of the neural folds (d'Amico-Martel and Noden, 1983; Noden, 1983; Le Douarin et aI., 1993; Couly et aI., 1992; Le Douarin and Jotereau, 1975; Miyagawa-Tomita et at., 1991; Phillips et aI., 1987; Lumsden et aI., 1991; Nelson et aI., 1995; Waldo et at., 1996; Hollway et aI., 1997). Mark ing techniques recently have been used in rodents and information from the chick appears to be in general agreement with the cultured mouse and rat models (Serbedzija et aI., 1990, 1991, 1992; Fukiishi and Morriss Kay, 1 992; Smits-van Prooije et aI., 1986; Jaenisch, 1985; L6fberg, 1985; Tan and Morriss-Kay, 1986). The neural crest cells that originate from the posterior rhomben cephalon (rhombomeres 6-8) migrate to pharyngeal arches 3, 4, and 6 (Fig. 1) and from there to the heart, where they participate in outflow septation and form the cardiac ganglia of the heart. This crest also popu lates the esophagus en route to forming the parasympa thetic enteric plexus of the the midgut and hindgut (Kirby and Waldo, 1995; Peters-Van der Sanden et aI., 1993). Cells remaining in arches 3, 4, and 6 support de velopment of the pharyngeal (aortic) arch arteries (Fig. 2) and the glands derived from this region: the thymus and parathyroids (Fig. 3). Neural crest-derived cells in the caudal arches, in contrast to those in the rostral arches (1 and 2), have few skeletal derivatives but in stead support vascular development of the arteries that will become the major arterial conduits of the definitive, adult cardiovascular system (aorta, carotid, and subcla-
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 Neural crest
 
 Outflow tract
 
 Fig u re 1 Diagram illustrating the migration of cardiac neural crest from rhombomeres 6-8 into pharyngeal arches 3, 4, and 6. Aor tic arch arteries 3, 4, and 6 traverse these arches and connect the aor tic sac and cardiac outflow tract ventrally with the dorsal aorta dor sally.
 
 vian arteries, as well as the ductus arteriosus, another derivative that closes shortly after birth; Fig. 2). Compa rable pharyngeal arch arteries develop in the cranial pharyngeal arches but regress. It is possible that regres sion occurs because the mesenchyme of these arches is largely diverted to the formation of craniofacial skele ton and accessory structures. Possibly, patterning genes expressed by the neural crest cells migrating into pha ryngeal arches 1 and 2 do not support blood vessel maintenance, whereas this is a primary function of the cells populating arches 3 , 4, and 6 (Qiu et aI., 1997; Kirby et aI., 1997). The caudal pharyngeal arches form the thymus and parathyroid glands via the interaction of endo derm-ectoderm and neural crest-derived mesenchyme (Le Douarin and Jotereau, 1975). While the thyroid an lage is initially formed in the cranial pharynx, it mi grates into the caudal pharynx and is dependent on mesenchyme derived from the caudal arches for normal development. Removal of the premigratory cardiac neural crest results in poor development of these glands (Bockman and Kirby, 1984; Kuratani and Bockman, 1990).
 
 I I . The N e u ral C rest Ablation Model in Chick E m bryos The morphological and functional phenotype of the neural crest ablation model has been characterized ex tensively since the first ablation studies published in 1983 showed that the development of the outflow sep tum of the heart and patterning of the great arteries was affected (Fig. 4). It was also determined that the glan dular derivatives of the pharynx (pharyngeal arches/
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 1 1 Contri b ut i o n of N e u ral Crest
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 Figure 2 The cardiac outflow tract and great arteries depicted for a human fetus. The duc tus arteriosus closes after birth. The carotid arteries are derived from aortic arch artery No. 3. The arch of the aorta is partially from the left fourth aortic arch artery, whereas the right fourth aortic arch artery contributes to the proximal right subclavian artery. The ductus arteriosus is from the left sixth aortic arch artery.
 
 pouches 3 and 4), i.e., the thyroid, thymus, and parathy roid glands, were variably present or hypoplastic (Fig. 4; Nishibatake et al., 1987; Kirby and Bockman, 1 984; Kirby, 1987, 1988a; Kirby and Waldo, 1990, 1995; Kirby and Creazzo, 1 995). Ablation of the cardiac neural crest (midotic placode to somite 3) has been variously per formed using vibrating needle, tungsten needle, and laser, and the phenotypes produced are identical. Re constitution of the preotic crest to the midbrain has been shown to occur; however, postotic neural crest is not reconstituted by any cell population within the neural tube (Kirby et al., 1985a, 1993; Nishibatake et al., 1987; Besson et az', 1986; Suzuki and Kirby, 1 997; Scher son et al., 1993; Sechrist et az', 1995). The absence of re constitution has also been shown directly by labeling ventral neural tube cells or the neural crest cranial or
 
 caudal to the lesion site after the ablation, in which case no labeled cells can be seen leaving the ventral neural tube. Furthermore, neural crest cells do not migrate into the region of the gap from intact neural tube adjacent to the damaged area (Suzuki and Kirby, 1997). In contrast, extensive reconstitution of the neural crest by the re maining ventral neural tube occurs following ablation of neural crest in the preotic rhombencephalon or cau dal mesencephalon (Sechrist et az', 1995; Scherson et al., 1993). This explains why a distinct phenotype is present after cardiac neural crest ablation but not necessarily after ablation of the neural crest migrating into the craniofacial region (McKee and Ferguson, 1984). Interestingly, although there is no reconstitution of the postotic neural crest, the neurons of the cardiac gan glia are reconstituted from another source, the epipha-
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 Fig u re 3 Diagram illustrating the contributions of cardiac neural crest to the chick outflow septation (right). AO, aorta: p, pulmonary trunk; DAO, dorsal aorta: AP. aorticopulmonary.
 
 (left) and pharyngeal derivatives
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 F i g u re 4 The major components of the cardiac neural crest ablation phenotype.
 
 1 1 Co ntri b ut i o n of N e u ral C re st ryngeal placodes (nodose and glossopharyngeal; Kirby, 1988b). Thus, in the ablation model the heart has an un divided outflow vessel but cardiac parasympathetic in nervation is approximately normal morphologically and functionally (Kirby et aI., 1985b, 1 989; Kirby, 1988b). Heart defects are present in about 90% of embryos surviving to Days 8-1 1 after neural crest ablation (Nishibatake et ai., 1987). The most prevalent defects involve the cardiac outflow tract and include double outlet right ventricle (DORV), tetralogy of Fallot, per sistent truncus arteriosus, and ventricular septal defect. Cardiac inflow anomalies occur occasionally. These in clude double-inlet left ventricle, straddling tricuspid valve, and tricuspid atresia (Nishibatake et ai., 1987). The phenotype seen in virtually every embryo after neural crest ablation is abnormal patterning of the great arteries derived from the aortic arch arteries (Tomita et ai., 1991; Manner et ai., 1996). Without the presence of neural crest-derived mesenchyme in the pharyngeal arches to support the development of the aortic arch ar teries, the persistence of these vessels is unpredictable and variable, with the patterning in each embryo being unique. Most of the patterns include regression of an artery that should persist, although in some, abnormal persistence of arch 2 arteries appears to have substi tuted for one of the more caudal arteries that is missing (Bockman et ai., 1987, 1989; Rosenquist et ai., 1989). Since every embryo is unique, it is not possible to pro vide quantitative information regarding the patterns other than that patterning anomalies are present in 100% of embryos following cardiac neural crest abla tion, whereas persistent truncus arteriosus (PTA) is pre sent in only 90% . In this regard, aortic arch anomalies are more characteristic of neural crest ablation than any other portion of the phenotype. It is hypothesized that a threshold amount of neural crest cells with mesenchymal potential must reach the caudal arches for normal induction of the pharyngeal endoderm for gland development in the case of the thy mus and parathyroid glands and for support of stromal development in the case of the thyroid gland (Kuratani and Bockman, 1 990; Bockman and Kirby, 1984).
 
 I I I . Phenocopies of N e u ral C rest Ablation i n Mammals The neural crest ablation phenotype has a number of genetically based mimics in mice that have been use ful in beginning to understand the molecular nature of the various disturbances that can lead to this pheno type.
 
 1 83 A. I nd uced M u tati o n s i n M ice 1. Splotch The Splotch mutant was first described in 1954 in a heterozygous mouse with a white belly spot (Auerbach, 1954). The Splotch allele is associated with a deletion or mutation in the Pax-3 gene (Chalepakis et ai., 1994; Conway et ai., 1997). Pax-3 is a member of the paired family of transcription factors that contain two DNA binding sites referred to as the paired box and the homeobox. In its heterozygous state the gene has been associated with Waardenburg's syndrome in humans, which has a mild phenotype consisting of deafness and pigmentary deficiencies (Chalepakis et at., 1994). The absence of one allele of the Pax-3 gene is not associated with cardiovascular defects in either humans or mice (Chalepakis et ai., 1994; Tassabehji et ai., 1 992, 1994). However, in the homozygous state in mice, this muta tion results in embryonic lethality at around Day 14 of gestation (Conway et at., 1997). Homozygotes have a complete cardiac neural crest ablation phenotype: per sistent truncus arteriosus, aortic arch anomalies, and hy poplasia or aplasia of the thymus and parathyroid and thyroid glands (Franz, 1989; Epstein, 1996; Conway et ai., 1 997). The embryos have more global neural tube defects in addition to the cardiac neural crest ablation phenotype which makes this mutant an imperfect mimic of cardiac neural crest ablation. The cardiovascular phe notype has recently been associated with a deficiency of neural crest-derived cells traversing the pharyngeal arches and migrating into the cardiac outflow tract (Conway et ai., 1997). 2. Patch The patch mutant mouse has an even more global phenotype than that of Splotch but in some respects mimics the neural crest ablation model. The patch mu tation has not been completely characterized but ap pears to be a deletion that encompasses part of the PDGF-a receptor gene as well as the locus control re gion for the c-kit gene, encoding the receptor for Steel factor (Orr-Urtreger et at., 1992; Wehrle-Haller et ai., 1996). Because both PDGF-a receptor and c-kit are ex pressed by neural crest cells, the patch phenotype can not be ascribed to a single gene. As in the Splotch mouse, the patch heterozygote has a white belly spot. The homozygous condition is embryonic lethal with two periods of lethality: one prior to 11 days postcoitum and the other late during gestation. The mice that survive beyond Day 1 1 die prior to birth of multiple defects (Orr-Urtreger et at., 1 992). Steel factor is a known sur vival and proliferative factor for melanocytes (Reid et ai., 1996). Its receptor, c-kit, a member of the PDGF re-
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 1 84 ceptor family, is expressed in neural crest cells from the onset of migration, with expression continuing during migration (Besmer et a!., 1993 ) . In the patch mutant, c kit is ectopically expressed in the somites and lateral plate mesoderm. It is thought that competition for lim ited amounts of steel factor/kit ligand on the lateral neural crest migration pathway alters melanocyte dis persal and survival (Wehrle-Haller et at., 1996) . Soluble steel factor is required for lateral dispersal of the melanocyte precursors in the dermis and for survival in the initial staging area for migration (Wehrle-Haller and Weston, 1995 ) , whereas membrane-bound steel factor promotes melanocyte survival in the dermis (Wehrle-Haller and Weston, 1995 ) . In Xenopus, PDGF a receptor is also expressed by cranial neural crest cells prior to migration and during migration into the pha ryngeal arches. PDGF is expressed by the otic vesicle and both neural and pharyngeal ectoderm. The patch mutant has a number of cardiovascular anomalies that include persistent truncus arteriosus and abnormal pat terning of the persisting aortic arch arteries, which sug gests that PDGF plays a role in production of the neural crest ablation phenotype. Targeted mutation of the PDGF-a receptor has recently been reported and there appear to be similar patterns of prenatal lethality to the patch mutant. However, while the cardiovascular phe notype has not been investigated thoroughly, heart and aortic arch anomalies are not an obvious part of the phenotype ( Soriano, 1997) .
 
 B . N u l l M utat i o n s a n d Ove re x p re s s i o n i n Tra n s g e n i c M i ce 1. Endothelin The endothelin family consists of three known li gands and two receptors. The endothelin ligands 1-3 (ET-1, ET-2, and ET-3 ) effect cellular responses via the endothelin-A or endothelin-B receptors (ETR-A and ETR-B ) . ET-1 has highest affinity for the ETR-A whereas ET-3 response is mediated by ETR-B. ETR-B is expressed by neural crest cells before and during mi gration at all levels of the neural axis (Nataf et at., 1996) . In culture, ET-3 stimulation results in proliferation of pleuripotent neural crest cells and melanocyte progeni tors. The latter is a synergistic function with steel factor to promote both survival and proliferation. ET-3 also induces differentiation of melanoblasts into mature melanocytes (Reid et at., 1996) . Mutations in either ET3 or E TR-B result in pigment defects. In humans, a mis sense mutation in ETR-B has been identified in a fam ily with Hirschsprung's disease (Puffenberger et a!., 1994) . The mutated gene maps to human chromo some 13q22 and corresponds to the lethal spotting
 
 locus in the mouse mutant, which is a model of Hirschsprung's disease (Puffenberger et at., 1994; Pavan et at., 1995 ) . Additionally, targeted disruptions of ET-3 or ETR-B are associated with congenital megacolon. As noted previously, ETR-B is expressed by all levels of neural crest before and during migration and ET3 en hances proliferation of neural crest cells in the pleuripo tent stage (Nataf et at., 1996) . While the ET-3/ETR-B system appears to be a reasonable candidate for sup porting neural crest cells in cardiovascular develop ment, the phenotype appears to be limited to neural crest cells that form the distal-most enteric plexus and melanocytes. ET-1 is a 21-amino acid peptide that induces vaso constriction and cell proliferation as well as increases cardiac contractility. It is expressed in the endothelium of the arch arteries and endocardial cushions as well as the pharyngeal arch epithelium. ET-1 is processed from a 38-amino acid inactive propeptide called "big en dothelin-1" by endothelin-converting enzyme-1 (ECE1 ) (Xu et a!., 1 994; Torres et at., 1997) . ECE-1 is a novel membrane-bound metalloprotease (Xu et at., 1994) . When the ET-J gene is disrupted, the homozygous ani mals are smaller than normal and have hypoplastic thymus and thyroid glands that are not fused in the mid line ( Kurihara et at., 1995a) . In addition, the thymus does not descend to its appropriate position (Kurihara et at., 1995b ) . A rather small proportion of homozygotes have aortic arch anomalies, whereas a larger percentage (50% ) have ventricular septal and outflow tract defects. The percentage of homozygotes with cardiovascular anomalies can be enhanced by administering a blocking antibody or selective ETR-A antagonists during em bryogenesis. Thus, it is thought that circulating maternal ET-1 or other endothelin isoforms may provide func tional redundancy in the endothelin system (Kurihara et at., 1995b ) . This assumption is supported by the fact that disrup tion of the gene for endothelin-converting enzyme-1 (ECE-l) causes a much more severe phenotype in a larger number of mutant embryos. Homozygotes lack enteric ganglia and have heart and craniofacial defects (Pasini et at., 1996) . ECE-1 is a membrane-bound met alloprotease that activates both ET-1 and -3 (Pasini et at., 1996) . In addition to its effects on crest, ET-1 is the only known substance produced locally that upregu lates cardiac contractility by increasing isometric force and decreasing actomyosin ATPase activity (Winegrad, 1997) . Only ETR-A mRNA is found in cardiac my ocytes with the receptor protein expressed at approxi mately 53,000 sites per cell (Hilal-Dandan et at., 1997) . The receptor is coupled to phosphoinositide hydrolysis and adenylyl cyclase, and ET-1 has been shown to elicit a three-fold increase in MAPK activity.
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 1 1 C o ntri b u t i o n of N e u ral C re s t 2. Hoxa-3 Null mutation of the hoxa-3 gene results in death during the first few hours after birth. These mice have hypoplastic and/or aplastic thymus, parathyroid, and thyroid development and reduced submaxillary glan dular tissue even though normal numbers of neural crest cells arrive in the pharyngeal arches (Manley and Capecchi, 1995). Hoxa-3 is expressed in the pharyngeal endoderm as well as in the neural crest, although it is not known if expression is necessary in one or both cell types for glandular development to occur. The hoxa-3 mutant is interesting in that gland abnormalities par tially mimic the neural crest ablation phenotype but no heart malformations have been found. The mice also have a wide range of tracheal abnormalities such that inspired air is routed to the stomach rather than the lungs after birth. Thus, these animals are unable to in flate their lungs, which results in persistence of the fetal pulmonary-to-systemic vascular shunts. The patency of the ductus arteriosus is dependent on prostaglandins, which are degraded in the lungs after initiation of respi ration which is also associated with a dramatic decrease in pulmonary vascular pressure. Without respiration, the ductus arteriosus remains as a large patent channel connecting the left pulmonary artery to the thoracic aorta (Ruano and Kidd, 1991). It is not known if the third aortic arch arteries de velop normally in the hoxa-3 mutant. However, treat ment of chick premigratory cardiac neural crest with antisense oligonucleotides to the hox-3 paralogous group followed by reimplantation leads to regression of the third arch artery. In this experimental paradigm, neither the treatment nor the patterning abnormality is associated with cardiac outflow defects. This and the lack of predictable arch artery patterning in the abla tion phenotype suggest that neural crest cells carry in structive information regarding aortic arch patterning, but that the same patterning instructions are not neces sare for cardiac outflow septation (Kirby et aI., 1997). 3. Retinoic Acid Receptor and Retinoid X Receptor The retinoids have been associated with defective development that is reminiscent of neural crest abla tion. Retinoic acid as a teratogen is discussed later, so this discussion will be limited to the receptor knockouts in mice, which produce phenotypes very similar to those seen after exposure of embryos to retinoic acid excess or deficiency (see Chapter 13). Retinoid signals are transmitted via two families of receptors composed of nuclear proteins that act as tran scriptional regulators when complexed with a retinoic acid ligand (J.-y' Chen et aI., 1996). The retinoic acid receptor (RAR) family is activated by all-trans RA and 9-cis RA, whereas the retinoid X receptor (RXR) fam-
 
 ily is activated by 9-cis RA as well as a variety of other nonretinoid ligands, including vitamin D and thyroid hormone. There are three isoforms in each family, des ignated a, 13, and "{. Further variants (called subtypes) are produced within these groups of the RAR receptors by differential splicing, and there is a specific spatio temporal distribution of each isoform during embryo genesis. It has been shown in cultured cells that RA responsive transcription is controlled by RAR-RXR heterodimers (J.-y' Chen et aI., 1 996; Lu et aI., 1997). Null mutations that affect all the subtypes of a single isoform (RARa or RAR"{) show postnatal growth defi ciency and mortality but otherwise have no apparent morphological defects. However, compound mutations in RAR isoforms mimic all the abnormalities seen in vi tamin A deficiency in addition to several that are not seen. Phenotype synergy is observed when the RXRa mu tation is introduced into the RARI3 or RAR"{ mutant background. RXRa/RARI3 double mutants also have several malformations not seen in single mutants. This and other evidence from null mutations suggests that RXR-RAR heterodimers mediate retinoid signaling (Kastner et aI., 1994; Krezel et aI., 1996). RXRs serve as markers for undifferentiated neural derivatives of the trunk neural crest (Rowe et at., 1991), and overexpres sion of RXRs and RARs in Xenop us results in forma tion of ectopic primary neurons. In the chick, RXR"{ re ceptor transcripts are a good marker for migrating neural crest cells. Transcripts are gradually restricted to the differentiating neural derivatives, whereas expres sion is lost in the ectomesenchymal derivatives by stage 15 (Rowe and Brickell, 1 995). In mice, RXRa null mu tations result in ocular and cardiac malformations and in utero death (Kastner et at., 1 994). When RARa or RAR"{ mutations are combined with the RXRa mutant background, more severe ocular defects occur, and PTA and aortic arch defects appear (Kastner et aI., 1 994). RARalRARI3 and RARalRXRa double mutants have PTA, DORV, and aortic arch anomalies (Sucov et at., 1 995) . In addition, RXRa null embryos have thin myo cardium perhaps caused by premature differentiation of the ventricular myocardium, indicating that the RXR receptors are also important in development of the myocardium (Gruber et aI., 1996).
 
 C . H u ma n Synd ro m e s 1. DiGeorge and Velocardiofacial Syndromes Van Mierop and Kusche (1986) and Bockman and Kirby (1984) first suggested the association of DiGeorge Syndrome with neural crest mesenchyme in pharyngeal arches 3 and 4. Both DiGeorge syndrome and Velocardiofacial syndrome (VCFS) provide pheno-
 
 1 86 copies of cardiac neural crest ablation. The most distinct features of these syndromes are interrupted aortic arch, outflow tract malformation (PTA or some degree of overriding aorta), hypoplastic thymus with some degree of immunocompromise, and hypoparathyroidism. Addi tional features that are seen are mild craniofacial irreg ularities, hypothyroidism, and, in the case of VCFS, fa cial clefting, i.e., cleft lip and palate, and mental retardation or in some instances episodes of psychosis (Karayiorgou et aI., 1995; Papolos et aI., 1996). These syndromes have been linked to a micro deletion in chro mosome 22qll (see Chapter 26). Other forms of these syndromes that have been reported and are associated with similar microdeletions are conotruncal anomaly face syndrome (Matsuoka et aI., 1994) and right-sided aortic arch (Strong, 1968). The name CATCH-22 has been proposed for syndromes with these manifestations that have the 22qll microdeletion (Wilson et aI., 1993). The search for the gene or genes underlying these physical traits has been intense and several candidates have emerged. The first to be described that had an em bryonic expression pattern consistent with the spatial and temporal genesis of the defects was Hira (originally called Tuple1). Tuple1 was renamed Hira because of its similarity with Hir1 and -2, yeast genes that encode re pressors of histone gene transcription (Lamour et aI., 1995; Scamps et aI., 1996). Hira is highly conserved in mouse, chick, and human. In both the chick and mouse embryos it is expressed in the neural plate, neural tube, neural crest, and mesenchyme of the head and pharyn geal arches (Roberts et aI., 1997; Halford et at., 1993). Clathrin heavy chain and a human homolog of the Drosophila segment polarity gene dishevelled (called DVL) are other genes located in the 22qll micro deleted region (Wadey et at., 1995; Pizzuti et at., 1996). Human DVL is expressed in the fetal thymus and heart but its embryonic expression pattern is still not known (Pizzuti et aI., 1996). A very interesting gene located within the deleted region codes for an armadillo-like message called ARV (armadillo repeat deleted in VCFS) (Sirotkin et aI., 1997), a member of the j3-catenin family A whose closest relative is murine p120c s . The conceptu ally translated protein has 10 armadillo tandem repeats and a coiled coil domain and it is thought to play a role in protein-protein interactions at adherins junctions. The message is expressed ubiquitously in all fetal and adult tissues which would probably eliminate it as a se rious candidate except for the fact that it shares 3' un translated sequence with the gene for catechol-O methyl transferase which is located just proximal to ARV and is encoded on the opposite strand. Since these syndromes can have a psychotic component, it is inter esting that one candidate for producing the structural defects might vie for transcription with a gene coding for a synthetic enzyme in a neurotransmitter pathway known to be active in cells derived from neural crest.
 
 IV N o rmal a n d A b n o rmal M o rp h o g e n e s i s While the advances i n understanding this neural crest ablation-type phenotype linked to a microdeletion of chromosome 22qll are very exciting, it is important to keep in mind that phenocopies of these syndromes are linked to microdeletions on two other chromosomes. In a recent report from prenatal diagnosis of a fetus with a chromosome 17p13 deletion, the fetus was found to have multiple anomalies that included several charac teristics of the DiGeorge syndrome, including thymic hypoplasia and DORY. In addition, the fetus showed polyhydramnios and intrauterine growth retardation (Greenberg et aI., 1988). Terminal deletions of chromo some 10 resulting in the loss of p13;p14 are associated with hypoparathyroidism and other manifestations of DiGeorge syndrome and VCFS (Daw et aI., 1996). 2. CHARGE Syndrome The CHARGE phenotype includes coloboma, heart disease, atresia of choanae, retardation of physical and mental development, genital hypoplasia, and ear anom alies and/or deafness (Siebert et al., 1985). This con stellation of defects appears to have an identifiable DiGeorge/vCFS basis with multiple other anomalies. Thyroid and parathyroid glands are frequently absent and accompany outflow anomalies and aortic arch ar tery malformations. Malformation of the foregut, repro ductive organs, kidneys, limbs and digits, and brain, in cluding pituitary gland, with lung abscesses and focal hepatic necrosis suggests an etiology from an earlier developmental stage or involving a gene that has a broader expression pattern than those involved in Di George/VCFS. To date, there is no animal model of this syndrome and no gene linkages have been reported. 3. Fetal Alcohol Syndrome Alcohol exposure during the time when neural crest cells are populating the frontonasal process and caudal pharyngeal arches can cause a phenotype similar to that seen in DiGeorge syndrome and has been proposed as a causative agent in DiGeorge syndrome (Sulik et aI., 1986). Ethanol can exert a teratogenic effect by disrupt ing microtubules and microfilaments that would inter fere with migration (Hassler and Moran, 1986), de creasing mitochondrial respiration (Nyquist-Battie and Freter, 1988), or excessive cell death in selected cell populations, including craniofacial neural crest, which might be caused by heightened membrane fluidity (S. Y. Chen et aI., 1996). 4. Retinoic Acid Embryopathy
 
 Interestingly, the RA system is one of the few in which either absent or excess signaling is associated with similar phenotypes in humans and other mammals. While the defects that occur in retinoid embryopathy are not confined to the cardiovascular system (see
 
 1 87
 
 1 1 Contri b u t i o n of N e u ral C re st Chapter 28), heart and arch development are widely studied in animal models that employ RA. Cardiac and aortic arch anomalies in offspring of rats with RA defi ciency or excess are directly correlated with the anom alies in humans (Wilson and Warkany, 1950; Rothman et aI., 1995). The lower jaw, palate, limbs, vertebrae, and tail are consistently abnormal after RA treatment. In cultured mouse embryos, RA causes a reduction in the size of arches 1 and 2 (Goulding and Pratt, 1986). Retinoic acid exposure of mice causes complete trans position of the great arteries which appears to be asso ciated with hypoplasia of the conal but not the atri oventricular cushions (Yasui et at., 1995; Nakajima et aI., 1996). In the chick, RA exposure causes a range of car diac outflow defects from overriding aorta to DORV (Broekhuizen et aI., 1992; Bouman et aI., 1995). How ever, transposition is not seen in the chick. While the mechanism of RA teratogenicity is not known, several clues have been identified recently. The head and hindbrain are especially sensitive to retinoid exposure and some members of the hox gene family (i.e. Hoxa-l and -b-l genes) contain retinoid-responsive elements (Langston et aI., 1997). Thus, RA treatment appears to alter the segmental expression of the hox gene code which in turn causes transformation of pha ryngeal segmental identity, the hindbrain and otocyst are shifted anteriorly relative to foregut, and the pre otic neural crest is retarded in migration (Marshall et aI., 1992). RA also retards neural crest cell migration in vitro but does not affect viability or DNA synthesis (Maxwell et aI., 1 982). It is likely that RA alters the re gional identity of cranial crest cells (Lee et aI., 1995). Unresolved data show that the effect may be on neural crest and cells committed to somitic mesoderm (Yasuda et aI., 1986), or it may be selective to cells undergoing migration rather than affecting a particular cell lineage (Thorogood et aI., 1 982). There is a large accumulation of labeled RA in neural crest derivatives in the pharyn geal arches (Dencker et aI., 1990), which also express cellular RA-binding protein CRABP (Vaessen et aI., 1990; Maden et at., 1990). HNK-1 expression, which is characteristic of migrating neural crest cells in avians, disappears as CRABP expression appears in the same cell population (Maden et aI., 1991). Even so, the re gions affected in retinoid embryopathy are not corre lated with CRABP-I or -II, so other factors must be re sponsible for the teratogenic effect (Horton and Maden, 1995).
 
 IV. DORV and Red Herrings Many mutations and experimental manipulations re sult in DORV; thus, it really should not be classified as a "neural crest ablation phenotype." The most character-
 
 istic signs of the cardiovascular portion of the neural crest ablation phenotype are aortic arch anomalies and persistent truncus arteriosus. Currently, teratogens or mutations known to result in persistent truncus arterio sus cause death or abnormal migration of the neural crest cells such that there are not enough to support normal development of the aortic arch arteries and out flow septation. However, many other experimental manipulations besides neural crest ablation, in addition to teratogens and single or multiple gene mutations as discussed previously, can produce DORY. Thus, while this anomaly is sometimes seen after neural crest abla tion, it should not be viewed as unique to the neural crest ablation model or necessarily produced by mal function of the neural crest.
 
 A. Te ratog e n s a n d Ex peri m e ntal M an i p u lat i o n s In the most rigid definition of DORV neither of the semilunar valves is in fibrous continuity with either atri oventricular valve, both arterial trunks arise from the morphologically right ventricle, and a ventricular septal defect is present (Hagler et aI., 1968). A less rigid defini tion requires that the pulmonary trunk and at least half of the aorta emerge from the right ventricle (Lev et at., 1972; Anderson et at., 1 974). If less than half of the aorta arises from the right ventricle, then it can be classified as overriding aorta. DORV is less easily explained than persistent truncus arteriosus, which is caused by an ab normally small number of neural crest cells reaching the outflow tract resulting in the absence of an outflow septum. DORV can be produced experimentally by venous or arterial ligature (Rychter, 1962), RA expo sure (Bouman et at., 1995), phenobarbital treatment (Nishikawa et aI., 1986), electric shock (Chon et aI., 1980), and a number of single gene mutations (Olson and Srivastava, 1996). All the experimental interven tions or application of teratogens occur on or before Day 3 in the chick and do not appear to interfere with septation of the outflow tract because in DORV, the majority of the cardiac outflow septum is formed as can be seen by the presence of individual aortic and pul monary trunks. However, the aorta and aortic semilunar valve override the ventricular septum such that the aor tic root receives blood from the right ventricle rather than the left ventricle as it should. Thus, this defect can be viewed as a problem of alignment of the outflow tract rather than a problem of septation. Alignment of the inflow (atrioventricular canal) and outflow (cono truncal) portions of the tubular heart is associated with the processes of looping, convergence, and wedging. Looping allows expansion of the region of the heart tube that will become the left and right ventricles, whereas convergence brings the inflow and outflow por-
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 1 88 tions of the tube into approximately the same cranio caudal plane. Wedging brings the aortic side of the conotruncus to nestle between the mitral and tricuspid valves. Wedging ensures that the mitral and aortic semi lunar valves are in fibrous continuity. The outflow sep tum forms after convergence and before and during the process of wedging. Thus, the etiology of DORV may be temporally as well as spatially distinct from that of per sistent truncus arteriosus.
 
 B . M utat i o n s In order to ascribe a gene mutation that causes DORV to neural crest function the gene expression should be confined to neural crest cells. DORV is a prominent component of the phenotypes of four null mutations. These include null mutations in genes en coding the RAR/RXRs, neurofibromatosis-1 (NF-1), neurotrophin-3 (NT-3), and nonmuscle myosin heavy chain-B (NMHC-B). 1. RARlRXRs The RAR/RXR mutants have already been dis cussed in the context of the neural crest ablation phe notype. However, since RARs are expressed in cardiac myocytes as well as neural crest cells, the portions of the phenotypes contributed by the two regions cannot be separated without spatial and/or temporal control over the expression of the individual receptors. 2. NF-1 The neurofibromatosis gene NF-J codes for neurofi bromin protein, a GTPase-activating protein that acts as a regulator of the ras signal transduction pathway. A targeted disruption of the NF-J gene leads to multiple developmental abnormalities: hyperplasia of the sym pathetic ganglia and DORV in the homozygous mutant (Brannan et aI., 1994) while heterozygotes have an ac celerated onset of tumor formation. Neural crest and placode cells isolated from NF-J mutants survive in cul ture in the absence of neurotrophins, whereas their wild-type counterparts die without NGF or BDNF (Vo gel et a!., 1995). NF-l functions as a tumor suppressor (von Deimling et aI., 1995; Vogel et ai., 1995). The my ocardium has disoriented, poorly developed myofibrils which compromise heart function and result in pericar dial and pleural effusion-signs of heart failure (Bran nan et ai., 1994). Neurofibromin acts as a negative me diator of neurotrophin-mediated signaling for survival of neurons derived from neural crest or placodes (Vogel et a!., 1 995). Neurofibromin is not known to be ex pressed in developing myocardium and since it is specif ically expressed by neural crest derivatives, it may be a candidate for a neural crest-induced DORY. The neural
 
 crest cell population destined for the heart forms both cardiac ganglia and the outflow septum. If too many cells are allocated to the neuronal cell lineage, the sep tal cell lineage might be decreased. On the other hand, hyperplasia of autonomic innervation might be related to an altered level of circulating or local neurotransmit ters which could affect cardiac contractility. Agents that cause changes in cardiac contractility, i.e., caffeine and isoproterenol, most frequently result in DORY. 3. NT-3 NT-3 receptors are expressed in the heart and by neural crest cells. NT3-;- animals die perinatally with cardiovascular defects (Donovan et ai., 1 996). Abnor malities include defective chamber size, right ventricu lar dilation, incomplete outflow septation, ventricular and atrial septal defects, thinning of the atrial wall with consequent atrial dilation, premature closure of the ductus arteriosus, "defects" in the sinus venosus, aneu rysmal dilation and attenuation of the tunica media of the pulmonary veins, dilation of the pulmonary artery with subpulmonic stenosis, overriding aorta, thickened semilunar valves, and dilation of the atrioventricular annuli. Pulmonary edema is present with congestion and intraalveolar hemorrhage. At 9.5 days postcoitum (pc) there is already a delay in myofibril organization of the truncus arteriosus and hypoplasia of the sinus veno sus with atrial enlargement, and the tyrosine kinase re ceptor C (TrkC) level is decreased in the ventricles. Most of these changes represent much more global car diac damage. Certainly, the earliest changes are in the myocardium or tubular heart and not in the neural crest. Thus, the DORV produced is more likely to be at tributed to a myocardial origin rather than neural crest. 4. Nonmuscle Myosin Heavy Chain-B
 
 Nonmuscle myosin heavy chain II has two isoforms, A and B, that have some overlapping expression do mains as well as independent ones (Sellers and Good son, 1995; Goodson and Spudich, 1993). The isoforms differ in the rate at which they hydrolyze ATP and pro pel actin filaments in motility assays (Kelley et a!., 1996). NMHC-B is localized near the plasma membrane of some cells, whereas NMHC-A is in stress fibers. Myocytes from newborn mice and primary cultures of em bryonic chick cardiac myocytes contain only NMHC-B (Rhee et a!., 1994; Conrad et ai., 1995). Ablation of the gene for NMHC-B results in dextroposed aorta with the aorta overriding the right ventricle with a ventricular septal defect and also infundibular hypertrophy, which causes muscular obstruction of the pulmonary outflow. The cardiac myocytes are moderately disorganized, hy pertrophied in both left and right ventricles as early as 12.5 days pc and contain disorganized myofibrils. Re-
 
 1 1 Contri b u t i o n of N e u ral Crest cent studies indicate that NMHC-B is coexpressed with smooth muscle a-actin in neural crest-derived cells that form the outflow septation complex (W. H. Lamers, per sonal communiction) . Thus, disruption of this gene could lead to defective septation via neural crest or my ocardial development.
 
 V. Conc l u s io n s and Futu re Perspectives The neural crest ablation model provides a valuable framework for beginning to understand the actions of various teratogens and gene mutations in cardiac and great vessel development. The primary signs of neural crest malfunction are PTA and aortic arch anomalies with or without anomalous development of the glands derived from the caudal pharynx. The best phenocopy of cardiac neural crest ablation is in human DiGeorge syndrome, and the gene or genes that underlie these anomalies will be very informative about the function of cardiac neural crest cells. On the other hand, DORV is most likely associated with myocardial dysfunction during the critical period of looping, convergence, and wedging. The myocardium is affected through myocardial receptors, circulating factors, or hemodynamic alterations. Much confusion has been generated recently by referring to DORV as a neural crest-related defect without sufficient evidence that this is indeed the case. It is essential in analyzing new cardiovascular phenotypes in mutant and trans genically altered animals to make the distinction be tween neural crest and myocardially generated alter ations in outflow tract development.
 
 Refe re n ces Anderson, R H . , Wilkinson, J. L . , Arnold, R, Becker, A . E . , and Lubkiewicz, K. (1974). Morphogenesis of bulboventricular malfor mations. II. Observations on malformed hearts. Br. Heartf. 36, 948. Artinger, K B., and Bronner-Fraser, M. (1992). Partial restriction in the developmental potential of late emigrating avian neural crest cells. Dev. Bio!. 149, 149-157. Auerbach, R (1954). Analysis of the developmental effects of a lethal mutation in the house mouse. I Exp. Zoo!. 127, 305-329. Besmer, P., Manova, K., Duttlinger, R., Huang, R. J., Packer, A., Gyssler, C, and Bachvarova, R F. (1993). The kit-ligand (steel fac tor) and its receptor c-kiVW' Pleiotropic roles in gametogenesis and melanogenesis. Development (Cambridge), Suppl., pp. 125-137. Besson, W. T. I., Kirby, M. L., Van Mierop, L. H. S., and Teabeaut, J. R I. (1986). Effects of cardiac neural crest lesion size at various embry onic ages on incidence and type of cardiac defects. Circulation 73, 360-364. Bockman, D. E., and Kirby, M. L. (1984). Dependence of thymus de velopment on derivatives of the neural crest. Science 223, 498-500. Bockman, D. E., Redmond, M. E., Waldo, K, Davis, H., and Kirby, M. L. (1987). Effect of neural crest ablation on development of the heart and arch arteries in the chick. Am. I Anat. 180, 332-341.
 
 1 89 Bockman, D. E., Redmond, M. E., and Kirby, M. L. (1989). Alteration of early vascular development after ablation of cranial neural crest. Anat. Rec. 225, 209-217. Bouman, H. G. A., Broekhuizen, M. L. A., Mieke, A., Baasten, J., Gittenberger-de Groot, A. C, and Wenink, A. C G. (1995). Spec trum of looping disturbances in stage 34 chicken hearts after retinoic acid treatment. Anat. Rec. 243, 101-108. Brannan, C I., Perkins, A. S., Vogel, K S., Ratner, N., Nordlund, M. L., Reid, S. w., Buchberg, A. M., Jenkins, N. A., Parada, L. F,. and Copeland, N. G. (1994). Targeted disruption of the neurofibro matosis type-1 gene leads to developmental abnormalities in heart and various neural crest-derived tissues. Genes Dev. 8, 1019-1029. Broekhuizen, M. L. A., Wladimiroff, J. w., Tibboel, D., Poelmann, R E., Wenink, A. C G. and Gittenberger-de Groot, A. C (1992). Induc tion of cardiac anomalies with all trans retinoic acid in the chick embryo. Cardio!' Young 2, 3 11-317. Bronner-Fraser, M. (1994). Neural crest cell formation and migration in the developing embryo. FASEB I 8, 699-706. Bronner-Fraser, M., and Fraser, S. (1989). Developmental potential of avian trunk neural crest cells in situ. Neuron 3, 755-766. Chalepakis, G., Goulding, M., Read, A., Strachan, T,. and Gruss, P. (1994). Molecular basis of splotch and Waardenburg Pax-3 muta tions. Proc. Nat!. Acad. Sci. Us.A. 91, 3685-3689. Chen, J.-Y., Clifford, J., Zusi, C, Starrett, J., Tortolani, D., Ostrowski, J., Reczek, P. R, Chambon, p,. and Gronemeyer, H. (1996). Two dis tinct actions of retinoid-receptor ligands. Nature (London) 382, 819-822. Chen, S. Y., Yang, B., Jacobson, K, and Sulik, K K. (1996). The mem brane disordering effect of ethanol on neural crest cells in vitro and the protective role of GM1 ganglioside. Alcohol 13, 589-595. Chon, Y., Ando, M., and Takao, A. (1980). Spectrum of hypoplastic right ventricle in chick experimentally produced by electrical shock. In (R Van Praagh, and A. Takao, eds.), "Etiology and Mor phogenesis of Congenital Heart Disease" pp. 249-264. Futura Pub!. Co., Mt. Kisco, NY. Conrad, A. H., Jaffredo, T., and Conrad, G. W. (1995). Differential 10calization of cytoplasmic myosin II isoforms A and B in avian in terphase and dividing embryonic and immortalized cardiomyo cytes and other cell types in vitro. Cell Moti!' Cytoskeleton 31, 93-112. Conway, S. J., Henderson, D. J., and Copp,A. J. (1997). Pax3 is required for cardiac neural crest migration in the mouse: Evidence from the splotch (Sp2H ) mutant. Development (Cambridge, UK) 124, 505-514. Couly, G. F., Coltey, P. M., and Le Douarin, N. M. (1992). The develop mental fate of the cephalic mesoderm in quail-chick chimeras. Development (Cambridge, UK) 114, 1-15. d'Amico-Martel, A., and Noden, D. M. (1983). Contributions of pla codal and neural crest cells to avian cranial peripheral ganglia. Am. I Anat. 166, 445-468. Daw, S. e M., Taylor, C, Kraman, M., Call, K, Mao, J. I., Schuffen hauer, S., Meitinger, T., Lipson, T., Goodship, J., and Scambler, P. (1996). A common region of lOp deleted in DiGeorge and velocar diofacial syndromes. Nat. Genet. 13, 458-460. Dencker, L., Annerwall, E., Busch, C, and Eriksson, U. (1990). Local ization of specific retinoid-binding sites and expression of cellular retinoic-acid-binding protein (CRABP) in the early mouse em bryo. Development ( Cambridge, UK) 110, 343-352. Donovan, M. J., Hahn, R, Tessarollo, L., and Hempstead, B. L. (1996). Identification of an essential nonneuronal function of neuro trophin 3 in mammalian cardiac development. Nat. Genet. 14, 210-213. Epstein, J. A. (1996). Pax3, neural crest and cardiovascular develop ment. Trends Cardiovasc. Med. 6, 255-261 .
 
 1 90 Erickson, C. A, and Perris, R. (1993). The role of cell-cell and cell-ma trix interactions in the morphogenesis of the neural crest. Dev. Bio!. 159, 60-74. Franz, T. (1989). Persistent truncus arteriosus in the Splotch mutant mouse. Anat. Embryol. 180, 457-464. Fraser, S. E., and Bronner-Fraser, M. (199l). Migrating neural crest cells in the trunk of the avian embryo are multipotent. Develop ment (Cambridge, UK) Ill, 913-920. Fukiishi, Y., and Morriss-Kay, G. M. (1992). Migration of cranial neural crest cells to the pharyngeal arches and heart in rat em bryos. Cell Tissue Res. 268, 1-8. Goodson, H. v., and Spudich, 1 A (1993). Molecular evolution of the myosin family: relationships derived from comparisons of amino acid sequences. Proc. Natl. Acad. Sci. U.S.A. 90, 659-663. Goulding, E. H., and Pratt, R. M. (1986). Isotretinoin teratogenicity in mouse whole embryo culture. 1. Craniofacial Genet. Dev. Bio!. 6, 99-112. Greenberg, F., Courtney, K B., Wessels, R. A, Huhta, J., Carpenter, R. J., Rich, D. c., and Ledbetter, 0. H. (1988). Prenatal diagnosis of deletion 17p13 associated with DiGeorge anomaly. Am. 1. Med. Genet. 31, 1-4. Gruber, P., Kubalak, S. W., Pexieder, T., Sucov, H. M., Evans, R. M., and Chien, K R. (1996). RXRa deficiency confers genetic susceptibility to aortic sac, conotruncal, atrioventricular cushion, and ventricular muscle defects. l. Clin. Invest. 98, 1332-1343. Hagler, D. 1, Ritter, D. G., and Puga, F. 1 (1968). Double-outlet right ventricle. In "Moss' Heart Disease in Infants, Children, and Ado lescents" (F. H. Adams and G. C. Emmanouilides, eds.), 3rd ed., pp. 351-369. Williams & Wilkins, Baltimore, MD. Halford, S., Wilson, D. 1., Daw, S. c., Roberts, c., Wadey, R., Kamath, S., Wickremasinghe, A, Burn, I, Goodship, I, and Mattei, M. G. (1993). Isolation of a gene expressed during early embryogenesis from the region of 22qll commonly deleted in DiGeorge syn drome. Hum. Mol. Genet. 2, 1 577-1582. Hassler, 1 A., and Moran, D. I (1986). Effectives of ethanol on the cy toskeleton of migrating and differentiating neural crest cells: Possi ble role in teratogenesis. 1. Craniofacial Genet. Dev. Bio!. Suppl. 2, 129-136. Hilal-Dandan, R., Ramirez, M. T., Villegas, S., Gonzalez, A., Endo Mochizuki, Y., Brown, I H., and Brunton, L. L. (1997). Endothelin ETA receptor regulates signaling and ANF gene expression via multiple G protein-linked pathways. Am. 1. Physiol.: Heart Cire. Physiol. 272, H130-HI37. Hollway, G. E., Suthers, G. K., Haan, E. A., Thompson, E., David, D. I, Gecz, J., and Mulley, I C. (1997). Mutation detection in FGFR2 craniosynostosis syndromes. Hum. Genet. 99, 251-255. Horstadius, S. (1950)."The Neural Crest. Its Properties and Deriva tives in the Light of Experimental Research." Oxford University Press, London. Horton, c., and Maden, M. (1995). Endogenous distribution of reti noids during normal development and teratogenesis in the mouse embryo. Dev. Dyn. 202, 312-323. Ito, K, and Sieber-Blum, M. (1991 ). In vitro clonal analysis of quail cardiac neural crest development. Dev. Bio!. 148, 95-106. Jaenisch, R. (1985). Mammalian neural crest cells participate in normal embryonic development on microinjection into post-implantation mouse embryos. Nature (London) 318, 181-183. Karayiorgou, M., Morris, M. A, Morrow, B., Shprintzen, R. J., Gold berg, R., Borrow, 1, Gos, A., Nestadt, G., Wolyniec, P. S., Lasseter, V. K, Eisen, H., Childs, B., Kazazian, H. H., Kucherlapati, R., An tonarakis, S. E., Pulver, A E., and Housman, 0. E. (1995). Schizo phrenia susceptibility associated with interstitial deletions of chro mosome 22ql1. Proc. Nat!. Acad. Sci. U. S.A. 92, 7612-7616. Kastner, P., Grondona, J. M., Mark, M., Gansmuller, A., LeMeur, M., Decimo, D., Vondsch, 1-L., Dolle, P., and Chambon, P. (1994). Ge netic analysis of RXRa developmental function: Convergence of
 
 IV N o r m al and A b n o r m a l M o r p h og e n e s i s RXR and RAR signaling pathways i n heart and eye morphogene sis. Cell (Cambridge, Mass.) 78, 987-1003. Kelley, C. A, Sellers, 1 R., Gard, D. L. Bui, D., Adelstein, R. S., and Baines, 1. C. (1996). Xenopus nonmuscle myosin heavy-chain iso forms have different subcellular localizations and enzymatic activ ities. 1. Cell Bio!. 134, 675-687. Kelly, R., and Buckingham, M. (1997). Manipulating myosin light chain 2 isoforms in vivo-A transgenic approach to understanding contractile protein diversity. Cire. Res. 80, 751-753. Kirby, M. (1989). Plasticity and predetermination of the mesenceph alic and trunk neural crest transplanted into the region of cardiac neural crest. Dev. BioI. 134, 402-412. Kirby, M. L. (1987). Cardiac morphogenesis: Recent research ad vances. Pediatr. Res. 21, 219-224. Kirby, M. L. (1988a). Role of extracardiac factors in heart develop ment. Experientia 44, 944-950. Kirby, M. L. (1988b). Nodose placode contributes autonomic neurons to the heart in the absence of cardiac neural crest. 1. Neurose. 8, 1089-1095. Kirby, M. L., and Bockman, D. E. (1984). Neural crest and normal de velopment: A new perspective. Anat. Ree. 209, 1-6. Kirby, M. L., and Creazzo, T. L. (1995). Cardiovascular development. Neural crest and new perspectives. Cardiol. Rev. 3, 226-235. Kirby, M. L., and Waldo, K L. (1990). Role of the neural crest in con genital heart disease. Circulation 82, 332-340. Kirby, M. L., and Waldo, K L. (1995). Neural crest and cardiovascular patterning. Cire. Res. 77, 211-215. Kirby, M. L., Turnage, K. L., and Hays, B. M. (1985a). Characterization of conotruncal malformations following ablation of "cardiac" neu ral crest. Anat. Ree. 213, 87-93. Kirby, M. L., Aronstam, R. S., and Buccafusco, J. J. (1985b). Changes in cholinergic parameters associated with conotruncal malformations in embryonic chick hearts. Cire. Res. 56, 392-401. Kirby, M. L., Creazzo, T. L., and Christiansen, 1 L. (1989). Chronotropic responses of chick hearts to field stimulation following various neural crest ablations. Cire.Res. 65, 1547-1554. Kirby, M. L., Kumiski, D. H., Myers, T., Cerjan, c., and Mishima, N. (1993). Backtransplantation of chick cardiac neural crest cells cul tured in LIF rescues heart development. Dev. Dyn. 198, 296-311. Kirby, M. L., Hunt, P., Wallis, K T., and Thorogood, P. (1997). Normal development of the cardiac outflow tract is not dependent on nor mal patterning of the aortic arch arteries. Dev. Dyn. 208, 34-47. Krezel, w., Dupe, v., Mark, M., Dierich, A., Kastner, P., and Chambon, P. (1996). RXRg null mice are apparently normal and compound RXRa +/- IRXRb / IRXRg -/- mutant mice are viable. Proc. Natl. Acad. Sci. U. S.A. 93, 9010-9014. Kuratani, S., and Bockman, D. E. (1990). Impaired development of the thy-mic primordium after neural crest ablation. Anat. Rec. 228, 1 85-190. Kurihara, Y., Kurihara, H., Maemura, K, Kuwaki, T., Kumada, M., and Yazaki, Y. (1995a). Impaired development of the thyroid and thy mus in endothelin-1 knockout mice. 1. Cardia vase. Pharmacal. 26 (Supp!. 3), S13-S16. Kurihara, Y., Kurihara, H., Oda, H., Maemura, K, Nagai, R., Ishikawa, T., and Yazaki, Y. (1995b). Aortic arch malformations and ventric ular septal defect in mice deficient in endothelin-1. 1. Clin. Invest. 96, 293-300. Lamour, v., Lecluse, Y., Desmaze, c., Spector, M., Bodescot, M., Au rias, A, Osley, M. A., and Lipinski, M. (1995). A human homolog of the S. cerevisiae HIRI and HIR2 transcriptional repressors cloned from the DiGeorge syndrome critical region. Hum. Mol. Genet. 4, 791-799. Langston, A w., Thompson, J. R., and Gudas, L. J. (1997). Retinoic acid-responsive enhancers located 3' of the Hox A and Hox B homeobox gene clusters-Functional analysis. 1. BioI. Chern. 272, 2167-2175. - -
 
 1 1 Contri b u t i o n of N e u ra l C re st Le Douarin, N. M. (1982). "The Neural Crest." Cambridge University Press, Cambridge, UK. Le Douarin, N. M. (1990). Cell lineage segregation during neural crest ontogeny. Ann. N Y. Acad. Sci. 599, 131-140. Le Douarin, N. M., and Jotereau, E V. (1975). Tracing of cells of the avian thymus through embryonic life in interspecific chimeras. J Exp. AIed. 142, 17-40. Le Douarin, N. M., Ziller, c., and Couly, G E (1993). Patterning of neural crest derivatives in the avian embryo: In vivo and in vitro studies. Dev. Bio!. 159, 24-49. Lee, Y. M., Osumi-Yamashita, N., Ninomiya, Y., Moon, C. K., Eriksson, u., and Eto, K. (1995). Retinoic acid stage-dependently alters the migration pattern and identity of hindbrain neural crest cells. De velopment (Cambridge, UK) 121, 825-837. Lev, M., Bharati, S., Meng, L., Liberthson, R R, Paul, M. H., and Idriss, E A (1972). A concept of double-outlet right ventricle. J Thorac. Cardiovasc. Surg. 64, 271. Lofberg, l (1985). The axolotl embryo as a model for studies of neural crest cell migration. Axolotl News!. 14, 10-18. Lu, H.-C., Eichele, G , and Thaller, C. (1997). Ligand-bound RXR can mediate retinoid signal transduction during embryogenesis. Devel opment (Cambridge, UK) 124, 195-203. Lumsden, A, and Krumlauf, R (1996). Patterning the vertebrate neu raxis. Science 274, 1 109-1 1 15. Lumsden, A, Sprawson, N., and Graham, A (1991). Segmental origin and migration of neural crest cells in the hindbrain region of the chick embryo. Development (Cambridge, UK) 113, 1281-1291. Maden, M., Ong, D. E., and Chytil, E (1990). Retinoid-binding protein distribution in the developing mammalian nervous system. Devel opment (Cambridge, UK) 109, 75-80. Maden, M., Hunt, P., Eriksson, u., Kuroiwa, A, Krumlauf, R, and Summerbell, D. (1991). Retinoic acid-binding protein, rhombomeres and the neural crest. Development ( Cambridge, UK) 111, 35-44. Manley, N. R, and Capecchi, M. R (1995). The role of Hoxa-3 in mouse thymus and thyroid development. Development (Cambridge, UK) 121, 1989-2003. Manner, 1, Seidl, w., and Steding, G. (1996). Experimental study on the significance of abnormal cardiac looping for the development of cardiovascular anomalies in neural crest-ablated chick embryos. Anat. Embryo!. 194, 289-300. Marshall, H., Nonchev, S., Sham, M. H., Muchamore, 1., Lumsden, A., and Krumlauf, R (1992). Retinoic acid alters hindbrain Hox code and induces transformation of rhombomeres 2/3 into a 4/5 identity. Nature (London) 360, 737-741 . Matsuoka, R., Takao, A., Kimura, M . , Imamura, S., Kondo, c., Joh-o, K., Ikeda, K., Nishibatake, M., Ando, M., and Momma, K. (1994). Confirmation that the conotruncal anomaly face syndrome is asso ciated with a deletion within 22qll.2. Am. J AIed. Genet. 53, 285-289. Maxwell, G. D., Sietz, P. D., and Rafford, C. E. (1982). Synthesis and ac cumulation of putative neurotransmitters by cultured neural crest cells. J Neurosci. 2, 879-888. McKee, G. 1, and Ferguson, M. W. 1 (1984). The effects of mesenceph alic neural crest cell extirpation on the development of chicken embryos. J Anat. 3, 491-512. Miyagawa-Tomita, S., Waldo, K., Tomita, H., and Kirby, M. L. (1991). Temporospatial study of the migration and distribution of cardiac neural crest in quail-chick chimeras. Am. J Anat. 192, 79-88. Nakajima, Y., Morishima, M., Nakazawa, M., and Momma, K. (1996). Inhibition of outflow cushion mesenchyme formation in retinoic acid-induced complete transposition of the great arteries. Cardio vase. Res. 31, E77-E85. Nakamura, H., and Ayer-Le Lievre, c. S. (1982). Mesectodermal capa bilities of the trunk neural crest of birds. J Embryo!. Exp. AIorpho!. 70, 1-18.
 
 1 91 Nataf, v., Lecoin, L., Eichmann, A, and Le Douarin, N. M. (1996). Endothelin-B receptor is expressed by neural crest cells in the avian embryo. Proe. Nat!. Acad. Sci. U.S.A. 93, 9645-9650. Nelson, R M., Venot, A, Bevilacqua, M. P., Linhardt, R J., and Sta menkovic, 1. (1995). Carbohydrate-protein interactions in vascular biology. Annu. Rev. Cell Bio!. 11, 601-631 . Nishibatake, M . , Kirby, M. L., and Van Mierop, L . H. S. (1987). Patho genesis of persistent truncus arteriosus and dextroposed aorta in the chick embryo after neural crest ablation. Circulation 75, 255-264. Nishikawa, T., Bruyere, 1, H. 1, Takagi, Y., and Gilbert, E. E (1986). The teratogenic effect of phenobarbital on the embryonic chick heart. J App!. Toxicol. 6, 91-94. Noden, D. M. (1978). The control of avian cephalic neural crest cyto differentiation. 1. Skeletal and connective tissues. Dev. Bio!. 67, 296-312. Noden, D. M. (1980). The migration and cytodifferentiation of cranial neural crest cells. In "Current Research Trends in Prenatal Cranio facial Development" (R Pratt and R L. Christiansen, eds.), pp. 3-25. ElsevierlNorth-Holland, Amsterdam. Noden, D. M. (1983). The role of neural crest in patterning of avian cra nial skeletal, connective, and muscle tissues. Dev. Bio!. 96, 144-165. Noden, D. M. (1988). Interactions and fates of avian craniofacial mes enchyme. Development (Cambridge, UK) 103, Supp!., 121-140. Nyquist-Battie, c., and Freter, M. (1988). Cardiac mitochondrial ab normalities in a mouse model of the Fetal Alcohol Syndrome. AL coholism: Clin. Exp. Res. 12, 264-267. Olson, E. N., and Srivastava, D. (1996). Molecular pathways control ling heart development. Science 272, 671-676. Orr-Urtreger, A., Bedford, M. T., Do, M.-S., Eisenbach, L., and Lonai, P. (1992). Developmental expression of the a receptor for platelet derived growth factor, which is deleted in the embryonic lethal Patch mutation. Development (Cambridge, UK) 115, 289-303. Papolos, D. E , Faedda, G. L., Veit, S., Goldberg, R, Morrow, B., Kucherlapati, R, and Shprintzen, R J. (1996). Bipolar spectrum disorders in patients diagnosed with velo-cardio-facial syndrome: Does a hemizygous deletion of chromosome 22q11 result in bipo lar affective disorder? Am. J Psychiatry 153, 1541-1547. Pasini, B., Ceccherini, 1., and Romeo, G. (1996). RET mutations in hu man disease. Trends Genet. 12, 1 38-144. Pavan, W. 1, Liddell, R A, Wright, A, Thibaudeau, G, Matteson, P. G., McHugh, K. M., and Siracusa, L. D. (1995). A high-resolution linkage map of the lethal spotting locus: A mouse model for Hirschsprung disease. AIamm. Genome 6, 1-7. Peters-Van der Sanden, M. J. H., Kirby, M. L., Gittenberger-de Groot, A c., Tibboel, D., Mulder, M. P., and Meijers, C. (1993). Ablation of various regions within the avian vagal neural crest has differential effects on ganglion formation in the fore-, mid- and hindgut. Dev. Dyn. 196, 183-194. Phillips, M. T., Kirby, M. L., and Forbes, G. (1987). Analysis of cranial neural crest distribution in the developing heart using quail-chick chimeras. Cire. Res. 60, 27-30. Pizzuti, A., Novelli, G., Mari, A., Ratti, A., Colosimo, A., Amati, E, Penso, D., Sangiuolo, E, Calabrese, G., Palka, G., Silani, V., Gennarelli, M., Mingarelli, R, Scarlato, G., Scambler, P., and Dallapiccola, B. (1996). Human homologue sequences to the Drosophila dishevelled segment-polarity gene are deleted in the DiGeorge syndrome. Am. 1. Hum. Genet. 58, 722-729. Puffenberger, E. G, Hosoda, K., Washington, S. S., Nakao, K., DeWit, D., Yanagisawa, M., and Chakravarti,A (1994). A missense mutation of the endothelin-B receptor gene in multigenic Hirschsprung's disease. Cell (Cambridge, AIass. ) 79, 1257-1266. Qiu, M. S., Bulfone, A., Ghattas, 1., Meneses, 1 1, Christensen, L., Sharpe, P. T., Presley, R, Pedersen, R A, and Rubenstein, J. L. R (1997). Role of the Dlx homeobox genes in proximodistal pattern ing of the branchial arches: Mutations of Dlx-1, Dlx-2, and Dlx-1 and -2 alter morphogenesis of proximal skeletal and soft tissue
 
 1 92 structures derived from the first and second arches. Dev. Bio!. 185, 165-184. Reid, K., Turnley, A. M., Maxwell, G. D., Kurihara, Y., Kurihara, H., Bartlett, P. F., and Murphy, M. (1996). Multiple roles for endothelin in melanocyte development: Regulation of progenitor number and stimulation of differentiation. Development (Cambridge, UK) 122, 3911-3919. Rhee, D., Sanger, J. M., and Sanger, J. W. (1994). The premyofibril: Ev idence for its role in myofibrillogenesis. Cell Moti!. Cytoskeleton 28, 1 -24. Riccardi, V. M. (1991). Neurofibromatosis: Past, present and future. N Eng!. 1. Med. 324, 1283-1285. Roberts, c., Daw, S. C. M., Halford, S., and Scambler, P. J. (1997). Clon ing and developmental expression analysis of chick Hira (Chira), a candidate gene for DiGeorge syndrome. Hum. Mo!. Genet. 6, 237-245. Rosenquist, T. H., Kirby, M. L., and Van Mierop, L. H. S. (1989). Soli tary aortic arch artery. A result of simultantous ablation of cardiac neural crest and nodose placode in the avian embryo. Circulation 80, 1469-1475. Rothman, K. J., Moore, L. L., Singer, M. R., Nguyen, U-S. D. T., Man nino, S., and Milunsky, A. (1995). Teratogenicity of high vitamin A intake. N Eng!. 1. Med. 333, 1369-1373. Rowe, A., and Brickell, P. M. (1995). Expression of the chicken ret-in oid X receptor-gamma gene in migrating cranial neural crest cells. Anat. Embryo!. 192, 1-8. Rowe, A., Eager, N. S. c., and Brickell, P. M. (1991). A member of the RXR nuclear receptor family is expressed in neural-crest-derived cells of the developing chick peripheral nervous system. Develop ment ( Cambridge, UK) 111, 771-778. Ruano, G., and Kidd, K. K. (1991). Coupled amplification and se quencing of genomic DNA. Proc. Nat!. Acad. Sci. USA 88, 28152819. Rychter, Z. (1962). Experimental morphology of the aortic arches and the heart loop in chick embryos. Adv. Morphog. 2, 333-371 . Scamps, c., Lorain, S., Lamour, v., and Lipinski, M. ( 1 996). The HIR protein family: Isolation and characterization of a complete murine cDNA. Biochim. Biophys. Acta 1306, 5-8. Scherson, T., Serbedzija, G., Fraser, S., and Bronner-Fraser, M. (1993). Regulative capacity of the cranial neural tube to form neural crest. Development (Cambridge, UK) 118, 1049-1062. Sechrist, J., Nieto, M. A., Zamanian, R. T., and Bronner-Fraser, M. (1995). Regulative response of the cranial neural tube after neural fold ablation: Spatiotemporal nature of neural crest regeneration and up-regulation of Slug. Development (Cambridge, UK) 121, 4103-4115. Sellers, J. R., and Goodson, H. V. (1995). Motor proteins 2: Myosin. Protein Profile 2, 1323-1423. Serbedzija, G. N., Fraser, S. E., and Bronner-Fraser, M. (1990). Path ways of trunk neural crest cell migration in the mouse embryo as revealed by vital dye labelling. Development (Cambridge, UK) 108, 605-612. Serbedzija, G. N., Burgan, S., Fraser, S. E., and Bronner-Fraser, M. (1991). Vital dye labelling demonstrates a sacral neural crest con tribution to the enteric nervous system of chick and mouse em bryos. Development (Cambridge, UK) 111, 857-866. Serbedzija, G. N., Bronner-Fraser, M., and Fraser, S. E. (1992). Vital dye analysis of cranial neural crest cell migration in the mouse em bryo. Development (Cambridge, UK) 116, 297-307. Siebert, J. R., Graham, J. M., and MacDonald, C. (1985). Pathologic features of the CHARGE association: Support for involvement of the neural crest. Teratology 31, 331-336. Sirotkin, H., O'Donnell, H., DasGupta, R., Halford, S., St. Jore, B., Puech, A., Parimoo, S., Morrow, B., Skoultchi, A., Weissman, S. M., Scambler, P., and Kucherlapati, R. (1997). Identification of a new
 
 IV N o rm a l a n d A b n o r m a l M o r p h og e n e s i s human catenin gene family member from the region deleted in velo-cardio-facial syndrome. Genomics 41, 75-83. Smits-van Prooije, A. E., Poelmann, R. E., Dubbeldam, J. A., Mentink, M. M. T., and Vermeij-Keers, C. (1986). Wheat germ agglutinin-gold as a novel marker for mesectoderm formation in mouse embryos cultured in vitro. Stain Techno!. 61, 97-106. Soriano, P. (1997). The PDGFa receptor is required for neural crest cell development and for normal patterning of the somites. Devel opment (Cambridge, UK) 124, 2691-2700. Steller, H. (1995). Mechanisms and genes of cellular suicide. Science 267, 1445-1449. Stern, C. D., Artinger, K. B., and Bronner-Fraser, M. (1991). Tissue in teractions affecting the migration and differentiation of neural crest cells in the chick embryo. Development (Cambridge, UK) 1 13 207-216. Strong, W. B. (1968). Familial syndrome of right-sided aortic arch, mental deficiency, and facial dysmorphism. 1. Pediatr. 73, 882888. Sucov, H. M., Luo, J.-M., Evans, R. M., and Giguere, V. (1995). Outflow tract and aortic arch malformations in retinoic acid receptor dou ble-mutant embryos implicate a defect in the differentiation of the cardiac neural crest. Circulation 92 (Supp!. I), I-F(abstr). Sulik, K. K., Johnston, M. c., Daft, P. A., Russell, W. E., and Dehart, D. B. (1986). Fetal alcohol syndrome and DiGeorge anomaly: Crit ical ethanol exposure periods for craniofacial malformations as il lustrated in an animal mode!. Am. 1. Med. Genet., Supp!. 2, 97-112. Suzuki, H. R., and Kirby, M. L. (1997). Absence of neural crest regen eration from the postotic neural tube. Dev. Bio!. 184, 222-233. Tan, S .S., and Morriss-Kay, G. M. (1986). Analysis of cranial neural crest cell migration and early fates in postimplantation rat chim eras. 1. Embryo!. Exp. Morpho!. 98, 21-58. Tassabehji, M., Read, A. P., Newton, V. E., Harris, R., Balling, R., Gruss, P., and Strachan, T. (1992). Waardenburg's syndrome pa tients have mutations in the human homologue of the Pax-3 paired box gene. Nature (London) 355, 635-636. Tassabehji, M., Newton, V. E., Leverton, K., Turnbull, K., Seemanova, E., Kunze, J., Sperling, K., Strachan, T., and Read, A. P. (1994). PAX3 gene structure and mutations: Close analogies between Waardenburg syndrome and the Splotch mouse. Hum. Mol. Genet. 3, 1069-1074. Thorogood, P., Smith, L., Nicol, A., McGinty, R., and Garrod, D. (1982). Effects of vitamin A on the behavior of migratory neural crest cells in vitro. 1. Cell Sci. 57, 331-350. Tomita, H., Connuck, D. M., Leatherbury, L., and Kirby, M. L. (1991). Relation of early hemodynamic changes to final cardiac phenotype and survival after neural crest ablation in chick embryos. Circula tion 84, 1289-1295. Torres, M., Stoykova, A., Huber, 0., Chowdhury, K., Bonaldo, P., Man souri, A., Butz, S., Kemler, R., and Gruss, P. (1997). An a-E-catenin gene trap mutation defines its function in preimplantation devel opment. Proc. Nat!. Acad. Sci. U.S.A. 94, 901-906. Vaessen, M.-J., Meijers, J. H. c., Bootsma, D., and van Kessel, A. D. (1990). The cellular retinoic-acid-binding protein is expressed in tissues associated with retinoic-acid-induced malformations. Devel opment (Cambridge, UK) 110, 371-378. Van Mierop, L. H. S.,; and Kutsche, L. M. (1986).Cardiovascular anom alies in DiGeorge syndrome and importance of neural crest as a possible pathogenetic factor. Am. 1. Cardio!' 58, 133-137. Vogel, K. S., Brannan, C. 1., Jenkins, N. A., Copeland, N. G., and Parada, L. F. (1995). Loss of neurofibromin results in neurotrophin independent survival of embryonic sensory and sympathetic neu rons. Cell (Cambridge, Mass.) 82, 733-742. von Deimling, A., Krone, W., and Menon, A. G. (1995). Neurofibro matosis type 1: Pathology, clinical features and molecular genetics. Brain Pathol. 5, 153-162. ,
 
 1 1 C o n tri b u t i o n of N e u ral C re st Wachtler, F. (1984). On the differentiation and migration of some non neuronal neural crest derived cell types. Anat. Embryol. 170, 161-168. Wadey, R., Daw, S., Taylor, c., Atif, u., Kamath, S., Halford, S., O'Donnell, H., Wilson, D., Goodship, 1., Burn, J., and Scambler, P. (1995). Isolation of a gene encoding an integral mem brane protein from the vicinity of a balanced translocation break point associated with DiGeorge syndrome. Hum. Mol. Genet. 4, 1027-1033. Waldo, 1. A. (1992). Neural crest cell develpment. Prog. Clin. BioI. Res. 85, 359-379. New York: Alan R. Liss, Inc. Wehrle-Haller, B., and Weston, 1. A. (1995). Soluble and cell-bound forms of steel factor activity play distinct roles in melanocyte pre cursor dispersal and survival on the lateral neural crest migration pathway. Development ( Cambridge, UK) 121, 731-742. Wehrle-Haller, B., Morrison-Graham, K., and Weston, 1. A. (1996). Ec topic c-kit expression affects the fate of melanocyte precursors in patch mutant embryos. Dev. BioI. 177, 463-474. Weston, 1. A. (1982). Neural crest cell development. Prog. Clin. Bioi. Res. 85, 359-379. New York: Alan R. Liss, Inc.
 
 1 93 Wilson, D. I., Burn, 1., Scambler, P., and Goodship, 1. (1993). DiGeorge syndrome: Part of CATCH 22. J Med. Genet. 30, 852-856. Wilson, 1. G., and Warkany, 1. (1950). Cardiac and aortic arch anom alies in offspring of vitamin A deficient rats correlated with similar human anomalies. Pediatrics 5, 708-725. Winegrad, S. (1997). Endothelial cell regulation of contractility of the heart. Annu. Rev. Physiol. 59, 505-525. Xu, D., Emoto, N., Giaid, A., Slaughter, c., Kaw, S., DeWit, D., and Yanagisawa, M. (1994). ECE-1: A membrane-bound metallopro tease that catalyzes the proteolytic activation of big endothelin-l . Cell ( Cambridge, Mass. ) 78, 473-785. Yasuda, Y., Okamoto, M., Konishi, H., Matsuo, T., Kihara, T., and Tan imura, T. (1986). Developmental anomalies induced by all-trans retinoic acid in fetal mice: I. Macroscopic findings. Teratology 34, 37-49. Yasui, H., Nakazawa, M., Morishima, M., Miyagawa-Tomita, S., and Momma, K. (1995). Morphological observations on the pathoge netic process of transposition of the great arteries induced by retinoic acid in mice. Circulation 91, 2478-2486.
 
 •
 
 •
 
 12 Deve l o p m e n t of t h e Co n d u ct i o n Sys te m of t h e Ve rte b rate H ea rt Antoon F. M. Moorman and Wouter H . Lamers Department ofAnatomy and Embryology, The Cardiovascular Research Institute Amsterdam, Academic Medical Center, University ofAmsterdam, l I 05 AZ Amsterdam, The Netherlands
 
 I . I ntrod uction I I . Cardiac Polarity and Development of the Sinus Node I I I . Chamber Formation and Development of the Atrioventricu lar Node IV. Primary Myocardi u m and the Nodal Phenotype V. The Trabecular Ventricular Com ponent and Development of the Ventricular Part of the Cond u ction System VI. Perspectives •
 
 References
 
 •
 
 I . I ntrod uction To understand the development of the conduction system, we must first consider the anatomical arrange ment of structures that are responsible for the coordi nated contraction of the formed heart from apex to base (Fig. 1) (Davies et ai., 1983). The sinus node, or carHeart Deve l o p m e nt
 
 diac pacemaker, is located subepicardially at the en trance of the superior caval vein to the right atrium. Its electrical impulse spreads via the ordinary atrial my ocardium to reach the atrioventricular junctions, where further propagation is interrupted by fibrous insulation, except at that point where a specialized atrioventricular bundle penetrates the atrioventricular junction through the central fibrous body. The atrioventricular node, lo cated on the atrial side of the atrioventricular junction, can be considered as the end of the atrial conduction axis. As is essential for proper heart function, a delay in the propagation of the impulse into the ventricles is produced by the atrioventricular node, allowing ventric ular chambers to be filled while the atria contract. The impulse is then conveyed via the ventricular conduction system, comprising atrioventricular bundle and bundle branches, toward the peripheral Purkinje fibers that ac tivate the ventricular myocardium from apex to base. To this end, the atrioventricular bundle and bundle branches are insulated from the ordinary ventricular myocardium by fibrous tissue. This electrical configuration follows an ancient pat tern in vertebrate evolution and is already realized in
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 F i g u re 1 Disposition of the cardiac conduction system in the cardiac environment. Note the fibrous insulation (blue) of atrioven tricular bundle and left and right bundle branch. (A) Overview; (B) detail.
 
 the fish heart, which contains a single circuit in which the pacemaker is localized at the intake side of the heart. The delay in impulse propagation is realized at the atri oventricular junction and the ventricle is activated from apex to base (Randall, 1970). In lower vertebrates, the participating components are histologically ill-defined, as is the case in developing mammalian hearts in which atria and ventricles have not yet become insulated by fi brous tissue and a distinct conduction system is not pre sent. Nevertheless, an electrocardiogram can already be derived from the tubular chicken heart at a stage when the atrial and ventricular chambers have just started to develop (van Mierop, 1967). This highlights the primary developmental imperative of developing a sequential pattern of activation of atria and ventricles rather than development of a distinct conduction system. This, in turn, implies that the coordinated contraction of the heart, as reflected in the electrocardiogram, is estab lished by the arrangement of functionally different my ocardial compartments. This mode of development also
 
 suggests that the conduction system develops from ex isting myocardium rather than from an extracardiac source (Moorman et al., 1998). The origin of the conduction system has always been a highly contentious topic. At the base of the controversies lies the conventional strict distinction made be tween working myocardium and conduction system in the formed heart. We believe that it has been insuffi ciently appreciated that all myocytes display, to variable degrees, contractile, conductive, and pacemaking prop erties, and that the correct topological disposition of functionally distinct myocyte populations realizes the coordinated contraction of the developing heart. Due to the expression in conduction system of proteins nor mally associated with neural structures (Gorza et al., 1994), it was suggested that neural crest might give rise to the conduction system (Gorza et al., 1988). However, neural crest cells arrive at the heart far later than the point at which an electrocardiogram can be recorded (Paff et al., 1966; Kirby et ai., 1993). Thus, the discussion of the origin of the conduction system departs from the more fundamental question of how specification and ar rangement of functionally different myocardial compart ments leads to the coordinated contraction of the heart.
 
 I I . Cardiac Polarity and Development of the Si n u s Node The primary heart tube originates from the folding of the cardiogenic mesoderm around the developing endocardial tubes, as indicated in Fig. 2. While being formed, the primary heart tube displays polarity along the anteroposterior axis. The leading pacemaker-the sinus node equivalent-is always localized at the intake of the heart (Satin et al., 1988; van Mierop, 1967), and through it an efficient unidirectional wave of myocar dial contractions is ensured. The atrial phenotype be comes prevalent at the posterior (upstream) side of the heart tube and the ventricular phenotype at the anterior (downstream) side (Moorman et ai., 1995; Moorman and Lamers, 1 994; Lyons, 1994). It may be that opposing gradients of gene expression cause functional differ ences between the upstream and downstream parts of the heart tube, where the upstream, atrial side starts to develop into the drainage pool of the embryo and the downstream, ventricular side into the muscular pump that generates systemic pressure. In the primitive chor date heart ofTunicates (Urochordates), anteroposterior polarity has not evolved and a fixed position for the leading pacemaker is not evident. Thus, blood is pumped alternately in both directions (Kuhl and van Hasselt, 1822). The molecular signals that impose polarity upon
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 F i g u re 2 The folding of the horseshoe-shaped cardiogenic plate into the primary heart tube in six successive stages (1-6). Note that owing to the folding process, the anterior margin (blue) becomes positioned caudally by which the primary my ocardium folds around the developing endocardial tubes (yellow) to form the myocardial heart tube. The originally posteriorly located myocardial margin is indicated in red.
 
 the vertebrate cardiac tube are discussed in other chap ters of this book. Remarkably, in the chicken, the first contractions are not observed at the intake of the heart but rather in that part of the tube where the ventricles will develop. This contradictory observation does not imply that the pacemaker jumps from the ventricular to the intake part of the heart tube, but rather coupled ex citation and contraction is realized first in the ventricu lar part of the heart tube, before the inflow part has this capacity (van Mierop, 1967) . Slightly later, the electrical phenotype of cells from the future sinus region differs from that of the cardiac tube, or future ventricles. The future sinus cells display prepotentials resembling those of the adult pacemaker, whereas the prepotentials of the future ventricular cells resemble those of the adult ventricles (Kamino, 1991; Meda and Ferroni, 1959) . Chicken embryos have been the model of choice for studies on the development of electrical activity be cause they are experimentally well accessible (Lamers et ai., 1 991; Kamino, 1991 ) . In a few hours of chicken de velopment ( 7-10 somites, equivalent to a human em bryonic age of -20 days), a single pacemaking area be comes established at the inflow tract of the heart, as monitored by the use of voltage-sensitive dyes (Hirota et ai., 1979) . Pacemaker dominance along the axis of the heart tube increases in an anteroposterior direction (Satin et ai., 1988; van Mierop, 1967) , as does the fre quency of the intrinsic beat rate (Satin et ai., 1988; Kamino et ai., 1981; Barry, 1942) . In both birds and mammals, as soon as the sinus venosus has formed ( -25 days in man) the leading pacemaker area is found at the right side, but initially it is most frequently detected at
 
 the left side (Goss, 1942; Sakai et ai., 1983; Kamino et ai., 1 981; de Haan, 1 959) . One should appreciate that both right and left inflow tracts will eventually become in corporated into the right atrium, that the entire inflow area of the embryonic heart is relatively small in com parison to the size of the adult sinus node, and that the exact site of the leading pacemaker is not entirely fixed (Bouman et ai., 1968, 1978) . Thus, the entire inflow area represents a more or less homogeneous pacemaking area, which is consistent with the observation of nodal like cells in the myocardium surrounding the distal por tion of the pulmonary veins in adult rat (Brunton and Fayrer, 1874; Cheung, 1980; Masani, 1986) . In man, as in other mammals, the sinus node be comes apparent (Carnegie stage 15; -5 weeks of devel opment) in myocardium surrounding the future superior caval vein (de Groot et ai., 1 988; Vinigh and Challice, 1980) . Why and how the leading pacemaker area be comes transformed into a nodal structure is not clear. In chicken and lower vertebrates, the leading pacemaker remains indistinct as a loosely arranged conglomerate of venous sinus myocytes (Szabo et ai., 1986; de Groot et ai., 1985; Canale et ai., 1986; Davies, 1930) .
 
 I I I . Cha m ber Formation and Development of the Atrioventricular Node With the development of distinct atrial and ventricu lar chambers (Fig. 3), their functional differences be-
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 Figure 3 (Left) Cast of the lumen of a human embryonic heart of about 4 weeks of development after Streeter (1987). Note the smooth-walled myocardium at the inner curvature of the heart, representing in our view the "original primary heart tube," from which the atrial and ventricular chambers balloon out. (Right) Heart of the same stage after de Jong et af. (1997), indicating the distinct segments.
 
 come unequivocally manifest. Thus, the primary heart tube, which displays peristaltoid contraction waves (Patten and Kramer, 1933; Patten, 1949) owing to the slow propagation of the cardiac impulse (de Jong et aI., 1992; Hirota et aI., 1983; Arguello et aI., 1986), is con verted into the more efficient chamber pump in which atrial and ventricular chambers contract rapidly, be cause of the fast conduction of the cardiac impulse, but still sequential, because of the delay of the cardiac im pulse in the atrioventricular canal (de Jong et aI., 1992; Arguello et aI., 1986; Lieberman and Paes de Carvalho, 1965a,b). We have labeled the myocardium of the early heart tube the "primary myocardium" to distinguish it from the latter (atrial and ventricular) working my ocardium (Moorman and Lamers, 1994). The fast-con ducting atrial and ventricular chambers remain flanked by the slow-conducting primary myocardium of the original heart tube, resulting in a structure with alter nating slow- and fast-conducting compartments com prising inflow tract (slow), in which the sinus node will develop; atria (fast); atrioventricular canal (slow), where the atrioventricular node will develop; ventricles (fast); and outflow tract (slow). This configuration of the embryonic heart ensures the sequential activation of the atrial and ventricular chambers, as is indicated by the presence of an electrocardiogram, even though the histologically well-defined components of the conduc tion system present in the formed mammalian heart are absent (van Mierop, 1967; Paff et aI., 1968). The slow-
 
 conducting flanking segments of primary myocardium in the embryonic heart also function as sphincters that substitute for the valves that are yet to develop. In many studies the atrioventricular canal has been identified as a zone of slow conduction, functioning as the equivalent of the atrioventricular node in hearts in which the atrial and ventricular chambers have not yet been insulated by fibrous tissue (de Jong et al., 1992; Arguello et aI., 1 986, 1988; Paff et aI., 1968; Lieberman and Paes de Carvalho, 1965a,b; van Mierop, 1967). In mammals, a distinct atrioventricular node can be distin guished around Carnegie stage 15 (-5 weeks of human development)(Vinigh and Challice, 1977; Vinigh and Porte, 1973). In chicken, however, the atrioventricular node remains diffuse and the whole atrioventricular junction has been supposed to fulfill the role of the atrioventricular node (Szabo et aI., 1 986). Also, in mam mals, this area may maintain characteristics of the em bryonic atrioventricular canal, consistent with observa tions in pig and dog hearts in which the entire lower left and right atrial rim just above the fibrous annulus dis plays nodal-like action potentials and low abundance of connexin 43 (van Kempen et aI., 1991, 1996; McGuire et al., 1 996). Segments of slow conduction (remaining primary myocardium) also persist at both extremities of the em bryonic heart. This is particularly clear in the outflow tract due to its length and can be recognized as a "C wave" in an electrocardiogram (de Jong et al., 1992; Paff
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 and Boucek, 1975). In the formed dog heart, the muscu lature surrounding the right ventricular outflow tract retains a sphincter-like function during ventricular relax ation to support the pulmonary semilunar valves (Brock, 1964). Most interestingly, this part of the heart main tains a unique transcriptional potential in the formed heart (Franco et al., 1997).
 
 IV. Primary Myocard i u m and the Nodal Phenotype Cardiomyocytes of the primary heart tube are small and display a loosely arranged myofibrillar apparatus and sarcoplasmic reticulum, indicating an immature con tractile function. These early cells have strong auto rhythmicity (Satin et al., 1988; van Mierop, 1967; Canale et al., 1986), indicating that they are poorly coupled, an essential feature of pacemaker function (Joyner and van Capelle, 1986). Therefore, it is not surprising that nodal myocytes resemble in many aspects myocytes of the primary myocardium. Their presence in the myo cardium of the inflow tract and atrioventricular canal first becomes apparent when surrounding myocytes dif ferentiate into atrial working myocardium. With devel opment, both inflow tract and atrioventricular canal be come incorporated into the atrium and provide the precursors of the sinus and atrioventricular nodes, re spectively. This leaves the intriguing but as yet unre solved question of how a number of these cells are prevented from differentiating in atrial direction and become committed to a nodal phenotype. Although our understanding of the nodal phenotype is far from com plete, three important nodal characteristics can be dis tinguished: (i) slow intercellular conduction, (ii) poorly developed contractile apparatus, and (iii) unique cyto skeleton. First, in both primary myocardium and the sinus and atrioventricular nodes of many species, the number and size of gap junctions is small (van Kempen et al., 199 1 ; Arguello et al., 1988; Vinigh and Challice, 1980; Fromaget et al., 1 992; Gros et al., 1978), and the major cardiac gap-junctional proteins connexin 43 and con nexin 40, and their encoding mRNAs, are rare or unde tectable (Moorman et al., 1998; Shirinsky et al., 1 992; Gros et al., 1994; Gourdie et al., 1 992; van Kempen et al., 1991). This feature clearly distinguishes nodal myocytes from the surrounding atrial working myocardium. Second, in both primary myocardium and nodes, co expression of (X- and [3-myosin heavy chains has been observed in several species (e.g., Komuro et al., 1987; Gorza et al., 1986; for a review see Moorman et al., 1 998). Because nodal cells display heterogeneity in ex-
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 pression of the [3-myosin isoform, expression of the myosin isoforms cannot be used as a reliable marker for nodal myocytes. Also, expression of the embryonic or slow skeletal troponin I isoform persists in atrioventric ular nodal myocytes (Schiaffino et al., 1 993; Gorza et al., 1993). In agreement with this, a 4200-nucleotide DNA region upstream of the human slow skeletal troponin I gene is able to confer expression of a reporter gene in adult mouse atrioventricular node (Zhu et al., 1 995). Third, in most species, the cytoskeletal protein des min is expressed at higher levels in nodes and the ventri cular conduction system compared to the working my ocardium (Eriksson et al., 1979; Thornell and Eriksson, 1981). High levels of desmin are correlated with the mor phologically well-differentiated Purkinje fibers of hoofed animals, whereas low levels are found in the morpho logically poorly differentiated ventricular conduction system of the rat. Desmin is expressed in the early mouse and rat myocardium (ling et al., 1 997; Baldwin et al., 1 991), making it a poor marker for the conduction system in these animals. However, 1 kb of the human desmin promoter will drive expression of a LacZ trans genic reporter gene in the cardiac conduction system of mice (Li et al., 1993), as judged by in toto enzymatic staining, an important result which merits histological verification. The rabbit heart is unique in that it expresses a dis tinct conduction system-specific marker. Both the nodes and the ventricular conduction system are characterized by the expression of neurofilament protein, which colo calizes with desmin (Vitadello et al., 1 990, 1 996; Gorza and Vitadello, 1989). It is not expressed in the myo cardium of the primary heart tube. The extensive ex pression of neurofilament protein in atrial myocardium relates to a long-standing debate on the presence of in ternodal tracts (Liebman, 1985; Davies et al., 1 983; Janse and Anderson, 1974). Although there is now a consen sus that specialized tracts insulated from surrounding myocardium by fibrous tissue do not exist, the extensive expression of neurofilament protein in the atrium is suggestive of some form of distinctive structure, either extensions of the nodes themselves or specialized fast conducting tissue. Consistent with these possibilities, Leu-7 (HNK-1) is expressed in internodal tracts form ing a network across the roof of the right and left atrium in the developing human and rat heart (Aoyama et al., 1995; Nakagawa et al., 1993; Ikeda et al., 1990). Also, in the chicken, an atrial Purkinje network has been re ported (de Groot et al., 1985, 1 987; Vinigh et al., 1989). The central question is whether these cells represent preferential pathways of conduction. The molecular markers are now available to settle this much debated issue.
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 V. The Trabecular Ventricu l a r Com ponent and Development of the Ventricular Part of the Con d uction System The description of cardiac development given to date has resulted in the following scenario. The tubular heart becomes divided into five functionally distinct segments owing to the development of fast-conducting atrial and ventricular segments of working myocardium, flanked by slow-conducting inflow tract, atrioventricular canal, and outflow tract myocardium. These segments most likely arise as a result of some form of molecular polar ity over the anteroposterior axis of the heart. In the con text of cardiac looping separate left and right atrial and ventricular chambers are formed. Thus, the total num ber of segments may be seven. Consistent with this de scription are the recent analyses of LacZ transgene expression under the control of various truncated pro moters that distinguish the distinct component parts (Franco et at., 1998) and evolutionary considerations derived from measurements of the conduction veloci ties in junctional areas of the amphibian heart, which are remarkably similar to those measured in the flank ing segments of the embryonic chicken heart (de Jong et at., 1992; Alanis et at., 1973). These junctional areas of the amphibian heart have a sphincter function (Canale et at., 1986; Benninghoff, 1923), similar to the situation in embryonic chicken or mammalian hearts. Histori-
 
 Outflow tract
 
 cally, the junctional region o f the amphibian heart has been dubbed "specialized," although in view of its de velopment origin and histology, this terminology could be considered as a misnomer. The previously mentioned building plan of the heart, constructed from seven distinct building blocks, ac counts for the (early) electrocardiogram but not for the activation of the ventricles from apex to base. In the formed heart, the atrioventricular bundle, bundle branches, and the peripheral Purkinje network are re sponsible for this mode of excitation. Although these structures are not present in lower vertebrate hearts, such as those of fish, their single ventricle is also acti vated from apex to base, indicating that the substrate for preferential conduction toward the apex is already present in primitive vertebrate hearts (Canale et at., 1986). A clue as to how this ventricular electrical archi tecture is realized may come from the observation that the spongy trabecular myocardium of the fish ventricle has remarkably similar properties to the trabecular ven tricular compartment of the embryonic mammalian and chicken heart, in which preferential conduction has been demonstrated (Chuck et at., 1997; de Jong et at., 1992). Based on recent studies on the patterns of gene expression in the embryonic ventricles and on genetic studies, we suggest that the ventricular conduc tion system originates from the trabecular ventricular component, including the interventricular myocardium (Moorman et at., 1998).
 
 Primary intraventricular foramen
 
 Diastole
 
 Systole
 
 Fig u re 4 The blood flow through the embryonic heart during the heart cycle. With relaxation of the ventricles, the primary interventricular foramen is used as the entrance of the right ventricle, which in the formed heart has become the right atrioventricular orifice. With contraction the same foramen is used as the outflow of the left ventricle, which in the formed heart has become the left ventricular outlet. The remodeling of the primary interven tricular foramen is depicted in Fig. 5.
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 During formation of the four-chambered heart, the serially arranged cardiac segments become arranged in parallel. Thus, the right atrium becomes directly con nected with the right ventricle and the left ventricle with the outflow tract. Atrial and ventricular working myocardium differentiate from primary heart tube my ocardium and balloon out at the outer curvature of the looped heart to form the atrial and ventricular cham bers (Fig. 3). The ventricular septum is formed by appo sition of myocardial cells at the outer side, leaving a pri mary foramen at the inner curvature in between the right and left ventricular parts of the heart tube. It is the remodeling of this primary foramen and of the inner curvature that plays a pivotal role in the septational process (Goor et al., 1972; Lamers et al., 1992). One should appreciate that the primary ventricular foramen constitutes the entrance to the right ventricle and the outlet of the left ventricle, a topographical posi tion that will essentially not change with further devel opment (Fig. 4). It is equally important to appreciate that at the region of the inner curvature, interventricu lar myocardium is also atrioventricular canal my ocardium and constitutes the atrioventricular conduc tion axis, as demonstrated by the expression of GIN2 in human (Wessels et al., 1992), Msx2 in chicken (Chan Thomas et al., 1993), and Leu-7 (HNK-1 ) in rat (Aoyama et al., 1995; Nakagawa et al., 1993) and human (Ikeda et al., 1990). GIN2 and Leu-7 (HNK-1) recognize a complex carbohydrate moiety present on a series of molecules involved in cell adhesion, whereas Msx2 is a Drosophila muscle-related homeobox gene. These stud ies show that the entire ventricular conduction system is derived from one source, namely, the ring of my ocardium encircling the primary interventricular fora men and the trabecular ventricular component (Fig. 5). Expression is never observed in the compact ventricu lar component. Rightward expansion of the atrioven tricular canal brings this ring of myocardium to a posi tion where it can make contact with the atrial septum, through which the atrioventricular conduction axis be comes established. The leftward expansion of the out flow tract connects the outlet with the left ventricle. Re markably, in the adult chicken heart, the entire system is still present (Davies, 1 930). In humans, however, only the atrioventricular bundle (and bundle branches) re main. Based on its position in the chicken heart, the as sumed location of the primary interventricular my ocardium, had it not regressed, can be positioned in the adult human heart (Fig. 6). The right atrioventricular ring bundle is recognizable in the neonatal but not in the formed heart; it forms the lower rim of the right atrium just above the atrioventricular annulus, but that part encircling the left ventricular outlet regresses with fetal development (Wessels et at., 1992). Thus, the atri oventricular bundle, bundle branches, and peripheral
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 network take ongm from the interventricular my ocardium and the trabecular ventricular components. They form a drape upon and astride the developing ventricular septum extending into the ventricular tra becules (Vinigh and Challice, 1 977; Vassall-Adams, 1982). Evidence is accumulating that the trabecular ventricular compartment constitutes a distinct tran scriptional domain separate from the compact ventricu lar myocardium (Franco et al., 1996). After extensive re modeling, this trabecular ventricular component will form the connection between the atrial and compact ventricular components, allowing electrical input at the atrial side and output at the peripheral ventricular side. Insulating fibrous tissue will otherwise separate the atrial from the ventricular myocardium as well as the atrioventricular bundle and bundle branches from the compact ventricular myocardium. Because the trabecu lar ventricular conduction component (atrioventricular bundle and bundle branches) becomes insulated from working, this component represents another distinct tis sue compartment within the developing heart. The molecular phenotypes of the trabecular ventric ular component and of the ventricular part of the con duction system display a similar, although ambiguous character. On the one hand, advanced intercellular con duction has been developed in contrast to the condition in the myocardium of the primary heart tube and of the nodes (Chuck et al., 1997; de Jong et al., 1 992); on the other hand, the contractile machinery is less well de veloped and is more similar to primary myocardium (Canale et al., 1 986). Many so-called "atrial-specific" genes are expressed in the trabecular ventricular com ponent and also in the ventricular conduction system (Franco et al., 1996). A striking example is the expres sion of atrial natriuretic factor, which is highly abundant in the trabecular component of the developing ventri cles but is absent from the compact myocardium (Zeller et al., 1987; Toshimori et al., 1987; Thompson et al., 1986). Consistent with the idea of a trabecular origin of the ventricular conduction system, atrial natriuretic factor is also present in the fetal and adult ventricular conduc tion system but not in the nodes (Skepper, 1989; Pucci et al., 1992; Anand-Srivastava et al., 1 989; Toshimori et al., 1988; Hansson and Forsgren, 1993; Wharton et al., 1988). As previously mentioned, the expression of cytoskeletal proteins, such as desmin and neurofilament, is distinct in the ventricular conduction system compared to the surrounding compact myocardium. In rodents, both connexin 43 (Yancey et al., 1992; Dahl et al., 1995; Fromaget et al., 1992; Gourdie et al., 1 992; van Kempen et al., 1 991) and connexin 40 (Delorme et al., 1 995, 1997; van Kempen et at., 1995; Gourdie et al., 1993; Bastide et al., 1 993; Gros et al., 1994) are abundant in the ventricular conduction system, although in small mammals, such as the rat, connexin 43 is absent from
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 d
 
 F i g u re 5 Formation of the ventricular conduction system. (a) Section of a human embryonic heart of 5 weeks of development stained for G1N2, a marker for the developing human conduction system (Wessels et a!., 1992). Staining is observed in the myocardium surrounding the primary interventricular foramen and in the ventricular trabecular component. The atrioventricular bundle will develop from the dorsal part of the ring, whereas bundle branches and the peripheral conduction system will develop from the trabecular com ponent. (b) The G1N2 staining after reconstruction of all the sections. (c) Section of a human embryonic heart of 7 weeks of develop ment stained for G1N2. The atrioventricular canal has expanded to the right, by which the right atrium has become connected with the right ventricle, and the outflow tract has expanded to the left, by which the aorta has become connected with the left ventricle. These morphogenetic movements could be followed due to the marker of the myocardium surrounding the primary interventricular foramen G1N2. The G1N2 staining after reconstruction of all the sections. With further development this staining disappears and in the human heart the parts of the conduction system surrounding the right atrioventricular junction and the left ventricular outlet will disappear. Most interestingly, they still exist in the adult chicken heart (Davies, 1930).
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 Aorta
 
 Pulmonary trunk
 
 Superior caval vein
 
 Atrioventricular -+-----+-+-liI node Inferior caval vein
 
 YJ���=�� �--T-- Septal branch �b:>";;:f-'-...".r-:; . ��-�-
 
 Left bundle branch �r""""ir;��:-'.----1l- R ight bundle branch
 
 Right atrioventricular ring bundle Atrioventricular bundle Fig u re 6 An adult human heart indicating the position of the "former primary interventricular myocardium," parts of which give rise to the ventricular conduction system, whereas other parts are no longer present in the adult human heart but still exist in the adult chicken heart ( see text for details).
 
 Fig u re 7 Protein expression pattern of desmin ( a) , connexin 43 (b ), and connexin 40 (c) in the embryonic mouse heart of 12 days of development. Connexin 40 and 43 are clearly more highly expressed in the trabecular ventricular compartment (TVC) supporting the notion that the propagation of the impulse is preferentially achieved by the tra becules. CVC, compact ventricular compartment (photographs kindly provided by Dr. Daniel Gros, Marseille, France) .
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 the proximal part of the system. Both proteins are ex pressed at higher levels in the trabecular ventricular component than in the compact myocardial component (Fig. 7), underscoring the notion of a trabecular origin of the ventricular part of the conduction system. Coexpression of the (X- and (3-myosin heavy chain isoforms in the ventricular conduction system has been reported for a variety of species, from chicken to man (Kuro-o et ai., 1986; Komuro et ai., 1987; Sartore et ai., 1978, 1981; Dechesne et ai., 1987). Because coexpression of these isoforms is a characteristic of the myocardium of the primary heart tube, this feature can be dubbed "embryonic." In chicken, the peripheral conduction system is uniquely characterized by the expression of the slow tonic myosin isoform (Gonzalez-Sanchez and Bader, 1985), although expression starts relatively late in development. The cytoskeletal protein desmin identifies the ven tricular conduction system. This is most clear in the well-developed conduction system of hoofed animals (Virtanen et ai., 1990; Forsgren et ai., 1980). In line with a trabecular origin of the ventricular conduction sys tem, desmin expression is more abundant in the trabec ular than in the compact myocardial component of the embryonic ventricles in mouse (Fromaget et ai., 1992). In the developing rabbit heart, the expression of neuro filament protein is an unambiguous marker for the de veloping ventricular conduction system (Gorza et ai., 1988; Vitadello et ai., 1990; Gorza and Vitadello, 1989). Here, neurofilament protein colocalizes with desmin and HNK-1 , and in the embryonic ventricle it is abun dant in the interiorly localized ventricular trabecular component.
 
 VI. Pers pectives The development of the conduction system has al ways been a quarrelsome topic. This controversy origi nated in the indiscriminate extrapolation of adult con cepts of the mammalian conduction system onto the embryonic situation, perhaps representing a modern ex ample of the preformationist's mode of thought. In the formed mammalian heart, the conduction system and working myocardium are generally considered as two separate entities. As described in this chapter, this is dif ficult to reconcile with the embryonic heart, in which no distinctive conduction system is present and yet coordi nated contraction of atria and ventricles is achieved. Moreover, the mammalian condition has been over emphasized compared to that of lower vertebrates, in which a well-defined cardiac conduction system is also lacking, similar to the mammalian embryonic heart, and yet proper cardiac contraction is realized. Our primary
 
 message is that the formation of the vertebrate cardiac building plan encompasses of necessity the formation of the "cardiac conduction system." It involves the proper formation and arrangement of myocardial build ing blocks within the tubular heart that display postero anterior polarity of pacemaker activity. The myocardial building blocks represent disparate cardiomyocyte pop ulations with distinct functional and transcriptional qualities. They allow for the sequential activation of atria and ventricles and for the activation of the ventri cles from apex to base, irrespective of whether a histo logically distinct conduction system is present (mam mals) or not (lower vertebrates). How these building blocks are specified and remodeled, what the nature is of the interactions that occur between surrounding my ocardial and nonmyocardial cells, and how some pri mary myocardial cells differentiate into nodal tissue in stead of working myocardium is largely unknown. In addition, much remains to be learned about the factors that specify the formation and distinct transcriptional potential of the separate building blocks of the early heart tube. Molecular genetics and morphology, in com bination with lineage analysis, will eventually uncover the key pathways for the fashioning of the vertebrate heart.
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 I. I ntrod u ction The deleterious consequences of nutritional defi ciency on the adult visual system have been recognized since antiquity, when Hippocrates wisely suggested eatHeart Deve l o p m e nt
 
 ing beef liver as a cure for night blindness (Mandel and Cohn, 1 985). In the early parts of this century, defined animal diets lacking what is now recognized as vitamin A were formulated which resulted in these same visual deficiencies, leading to the biochemical isolation of plant carotenes and retinyl esters derived from animal sources as potent corrective agents. The term vitamin A refers to a large class of compounds which have bioac tive properties, of which carotenoids (f3-carotene and similar compounds) and retinoids (retinol and its deriv atives) are the two primary subclasses of natural occur ring compounds. Clues to the function of retinoids in heart develop ment came initially from studies of the effects of vita min A-deficient diets on the pups of pregnant rats de scribed by Warkany and colleagues almost 50 years ago (Wilson and Warkany, 1949; Wilson et aZ., 1953). Since that time, numerous laboratories have published studies addressing specific questions regarding the effects of retinoids on the developing embryonic avian and mam malian heart. Two general experimental strategies have been employed in these efforts. Retinoid-deficient diets (or loss-of-function genetic manipulation of retinoid re ceptors; described later) cause heart defects because of
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 IV N o rmal a n d A b n o rmal M o rphog e n e s i s
 
 failures in endogenous retinoid-dependent develop mental processes. Alternatively, ectopic administration of an excess of retinoids results in defects which reflect the competence of the developing heart to respond to retinoids, although this response might not necessarily occur in normally developing embryos or might not oc cur to as great an extent. The data suggest that retinoids influence multiple events throughout the process of car diogenesis, and that the effects observed are dependent on when during development the embryo is experimen tally manipulated.
 
 I I . Vita m i n A M etabol i s m Dietary vitamin A is converted to retinol (vitamin A alcohol) and stored as retinyl esters. Retinol itself serves no known function except as a metabolic precur sor. Successive oxidative reactions convert retinol to retinaldehyde and then to retinoic acid (RA). The form of vitamin A used in the visual system is retinaldehyde, which serves as a substrate for forming light-sensitive rhodopsin. For a long time, it was assumed that essen tially all other biological properties of vitamin A are represented by retinoic acid, or downstream metabo lites, based on the observation that retinoic acid could restore viability, but not visual function, to vitamin A deficient animals (Thompson et aI., 1964). In recent years, several additional bioactive retinoids have been discovered. 9-cis RA (Heyman et ai., 1992) and 3,4didehydro-RA (Thaller and Eichele, 1990) have been demonstrated to be bioactive forms of vitamin A rather than inactive by-products of all-trans RA metabolism. A number of retinol metabolites oxidized at the C-4 po sition have been shown (Achkar et ai., 1996; Blumberg et aI., 1996) to be bioactive molecules in their own right rather than by-products of retinol metabolism. Finally, a novel class of "retroretinoids" has been discovered which regulate certain aspects of immune function (Buck et ai., 1991, 1 993). As described later, the major pathway in which vita min A has biological consequences is through interac tion with receptors of the nuclear receptor family of ligand-activated transcription factors. All-trans RA, 9-cis RA, 3,4-didehydro-RA, 4-oxo-retinaldehyde, and 4-oxo-retinol have all been demonstrated to act as lig ands for the retinoid receptors. All-trans RA is gener ally believed to be the most commonly utilized bioac tive retinoid; the biological significance of some of these additional compounds remains to be demonstrated. Perhaps the most insightful evidence comes from the concentration of these compounds in tissues. For exam ple, 9-cis RA is present only in trace amounts in most tissues (postnatal and embryonic), suggesting that its bi-
 
 ological role may b e restricted to very specific tissues or times. In early Xenopus embryos, the major retinoid is 4-oxo-retinaldehyde, with very little if any all-trans or 9-cis RA present (Blumberg et aI., 1996) suggesting that 4-oxo-retinaldehyde is the major bioactive retinoid in this system at this time. There are no data available which describe the distribution of retinoids in the de veloping heart. Surprisingly little is known of the enzymes which synthesize bioactive retinoids from retinol. A number of dehydrogenases and oxoreductases have been identi fied with retinoid selectivity or specificity (Duester, 1996; Boerman and Napoli, 1996; Niederreither et at., 1997). There is disagreement as to the role for these en zymes in general retinoid metabolism, and the extent to which any of these is involved in heart development is currently under investigation (see Chapter 28).
 
 I I I . Vita m i n A Receptors All known biological requirements for vitamin A, with the exception of retinaldehyde in the visual sys tem and retroretinoids in the immune system, appear to be mediated by the RA receptors. These receptors are members of the nuclear receptor family of ligand dependent transcription factors (Evans, 1988), which act by recognizing specific DNA sequences in the promot ers of responsive genes and directly induce transcrip tional activation. The retinoid receptor family is divided into two sub families, the RARs and the RXRs, each with three members-a, 13, and "I. Both subfamilies have ligand affinities in the nanomolar range, as is generally the case for nuclear receptor-ligand interactions. All the known natural ligands are recognized by the RARs, whereas it appears that a 9-cis conformation is required for the RXRs to recognize natural ligands. The RXR subgroup of the retinoid receptors has an additional, and critical, biological function. Many of the nonsteroid nuclear receptors (including the RARs, the thyroid hormone and vitamin D receptors, and others) bind DNA as a heterodimeric complex with RXR. The RXRs, in other words, serve as a common heterodimeric partner in mediating several different hormonal signaling pathways, independent of their role as retinoid receptors (Yu et aI., 1991). It is gener ally assumed that retinoid signaling (through either RAR-RXR heterodimers or RXR homodimers) can be modulated by the concentration of other ligands and re ceptors via competition for RXRs. Each of the six retinoid receptor genes is expressed as multiple transcripts, differing in the 5' untranslated region and amino-terminal coding sequence, and fused
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 t o common exons encoding the bulk o f the respective receptor protein (Leid et aI., 1992). These isoforms are numbered 1 , 2, etc. (i.e., RARa1 , RARa2, etc.). These transcripts originate from alternative independent pro moters, resulting in an overall gene expression pattern which represents the sum of two or more isoform tran scripts. Several in situ hybridization studies have character ized the expression patterns of the various receptor genes or gene isoforms in the mouse and chick embryos (Ruberte et aI., 1991; Mangelsdorf et aI., 1992; Dolle et at., 1994). The retinoid receptors are widely expressed in the embryo, consistent with the multiple roles of vit amin A in development. The RARa and RXR� genes are ubiquitously expressed in the embryo and in the adult, and the RXRa gene is ubiquitously expressed (al though at a very low level) in the early to midgestation embryo [i.e., prior to embryonic day (E) 1 6.5, a time when most aspects of morphogenesis are complete]. The remaining three receptor genes show a more re stricted expression pattern. In the developing heart, RAR'Y has the most distinctive expression pattern, be ing highly expressed in the endocardial cushions (Ru berte et at., 1991). A variety of mutations in the vitamin A receptor genes have been stably introduced into the mouse germline by targeted gene disruption. Mutations are available which eliminate all transcripts from a gene or which eliminate individual gene isoforms. Mutations are now available in all six genes, as summarized in Table 1. These genetic studies lead to several conclusions which are relevant to the interpretation of receptor gene ex-
 
 Table I Mouse Germ l i n e M utations i n the Reti noic Acid Receptor Genes Mutations Complete gene mutations RARa RARI3 RARI' RXRa
 
 RXRI3 RXRI' Isoform-specific mutations RARal RAR132 RARI'2
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 pression patterns. First, many if not all of the receptor genes are expressed in the developing heart, as evi denced by cardiac phenotypes in their absence, even if the level of expression is below detection by in situ hy bridization. This is true for RAR�, RAR'Y, and possibly for RXR'Y; RARa, RXRa, and RXR� are detectable a priori. Second, the spatial and quantitative patterns of receptor gene expression (as detected by in situ hy bridization) do not obviously correlate to the geneti cally defined function of these genes. Thus, RXRa and RXR� are comparably expressed at a similar very low level in the early ventricles, even though RXRa alone is required for ventricular maturation. Similarly, by ge netic criteria both RARa and RAR'Y are comparably involved in ventricular chamber development, although RARa mRNA is much more abundantly expressed. As currently understood, the pattern of receptor gene ex pression is not of primary significance in understanding the involvement of vitamin A in heart development. A parameter more important than receptor expres sion, and yet one which is barely understood, is likely to be the presentation of ligand for these receptors. Local production and diffusion from a source is believed to be the primary manner in which retinoids are used to sig nal to target tissues (see Chapter 28), although retinoids can also be distributed via embryonic circulation in a classical endocrine manner. In addition, in mammalian embryos, transplacental transfer of RA from maternal circulation may also be a component of normal fetal retinoid biology. Certainly, in mammalian teratogenic studies in which RA is administered to pregnant fe males, embryonic defects arise by placental transfer and consequent inappropriate activation of embryonic retinoid-responsive pathways.
 
 IV. Retinoids i n P recard iac Fields
 
 Reference Lufkin et al. (1993) Luo et al. (1995) Lohnes et al. (1993); Iulianella and Lohnes (1997) Sucov et al. (1994); Kastner et al. (1994); Dyson et al. (1995); Gruber et al. (1996) Kastner et al. (1996) Krezel et al. (1996) Li et al. (1993); Lufkin et al. (1993) Mendelsohn et al. (1994b) Lohnes et al. (1993)
 
 Note: Various combinations of receptor mutations with cardiovas cular phenotypes are described in Kastner et al. (1994); Mendelsohn et al. (1994a); Luo et al. (1996); and Lee et al. (1997).
 
 The bilateral precardiac fields are positioned o n ei ther side of Henson's node in the primitive streak stage embryo. These fields coalesce to form the primitive heart tube which immediately begins to form the nor mally right-directed looped heart. Factors that influence the heart-forming fields during development are of great interest since it is at this time when the disposition of the left-right asymmetry is established (see Chapters 21 and 22). An endogenous local source of RA and other peptide growth factors is present in the primitive streak stage embryo, i.e., Henson's node in the chick, and as such any of these factors may influence the patterning of the heart tube. Indeed, RA exposure causes cardiac mal formations in the early chick embryo (Osmond et at., 1991; Chen and Solursh, 1 992; Dickman and Smith, 1 996). Placing RA-soaked beads to the right of Henson's
 
 212 node randomizes looping and results in a significant per centage of hearts looping to the left instead of the right (Dickman and Smith, 1996). Other malformations ob served after RA treatment include situs inversus and cardia bifida. It is noteworthy that similar malformations are observed in the vitamin A-deficient chick and quail embryos (Thompson, 1969; Thompson et aI., 1969; Heine et at., 1985; Dersch and Zile, 1993) and together indicates that vitamin A and its metabolites can have a profound influence on early stages of heart morphogenesis. In the chick, the asymmetry of the precardiac fields is reflected in the expression of several proteins, includ ing two matrix proteins [JB3, which may be a fibrillin isotype, or fibrillin-associated protein, and the heart specific lectin-associated matrix protein hLAMP-1 (Smith et aI., 1997; see Chapter 10)], the morphogen sonic hedgehog (Shh), and the activin receptor IIa (Act RIIa) (Levin et aI., 1 995). Both JB3 and hLAMP-1 are expressed in the endocardial cushion tissues and have been implicated in endothelial-to-mesenchyme transfor mation (Wunsch et aI., 1994; Sinning and Hewitt, 1996). Normal expression of JB3 at Hamburger and Hamilton (HH) stages 3 or 4 is symmetric within the heart fields of the embryo (Wunsch et aI., 1994) as is the expression of the homeobox transcription factor cNkx2.5 at stages 7 or 8 (Schultheiss et aI., 1995; see Chapters 4 and 7). By HH stage 5, JB3 expression is greater in the right cardiac field, with hLAMP-1 expression predominating in the left (Smith et at., 1997). The expression of the chick hom eobox gene cNkx2.5 remains symmetric at this time of development (Schultheiss et aI., 1 995). Smith et al. (1977) showed that the left and right precardiac fields in the chick differ in their sensitivity to RA, as assessed by the expression of JB3 and hLAMP-l. When RA treat ment alters looping, the levels of these matrix proteins lose their corresponding asymmetry. RA treatment does not alter the expression patterns of nodal and sonic hedgehog in the chick, and null mutant mice for both Shh (Chiang et at., 1996) and Act-RIIa Matzuk et aI., 1995) display normal asymmetry of cardiac looping. These studies suggest that RA can influence cardiac morphogenesis prior to the formation of the linear heart tube, and that RA is involved in normal processes of lat erality and looping. JB3 and hLAMP-1 may play an im portant role in these processes. Other gene products have also been implicated in the initial orientation of the heart tube, as evidenced by looping abnormalities at later stages of development. These include the situs inversus mutation (Yokoyama et aI., 1993), the iv mutation (VanKeuren et aI., 1991), and an extracellular matrix-associated malformation (Yost, 1 992; see Chapters 21 and 22). In these three ex amples, the corresponding genes have not yet been identified. The fact that retinoids can influence the di-
 
 IV N o r m a l a n d Abnormal M o r p h og e n e s i s rection of looping (Osmond et at., 1 991; Smith et aI., 1997) implicates retinoic acid or its metabolites as sig nificant players in setting the initial symmetry of the heart tube and suggests that these genes may interact in some manner with RA signaling processes.
 
 V. Retinoids and Axial Specification The coalescence of the heart-forming fields is also the time during development when segmental identity of the various regions of the heart tube is established. It is well-known that axial information during vertebrate development can be altered by RA treatment, as as sessed by hom eo box gene and protein expression in the neural tube (Kessel and Gruss, 1 991; Conlon, 1995). Therefore, it would not be surprising if RA could also affect anteroposterior patterning in the early heart tube. Anterior cardiac structures are represented by the outflow tract and common ventricle, whereas posterior structures are composed of the common atria and in flow tract. Consequently, molecules that effect lineage diversification in the early heart tube can be viewed as effecting anterioposterior patterning. Indeed, there is evidence that RA may be involved in initial cardiac lin eage diversification of atrial and ventricular myocytes. The earliest known chamber-restricted markers identi fying atrial and ventricular cell lineages are the myofib rillar proteins atrial myosin heavy chain-l (AMHC1, chick) and ventricular myosin light chain-2 (MLC-2v, mouse) (Sweeney et aI., 1987; O'Brien et a/., 1993). In the chick, treatment with RA shifts expression of AMHC1 into the more anterior progenitor cells (Yutzey et aI., 1994). Equivalent studies in the mouse have not been performed; however, in the RXRa null mouse, MLC-2v expression remains restricted to the ventricular chambers, whereas the atrial isoform (MLC2a) is aberrantly expressed in the ventricles (Dyson et a/., 1995; see Chapter 15). In the chick, once the diversi fied lineages have been established, subsequent exposure to RA no longer alters the atrial gene expression pattern (Yutzey et aI., 1994). Recently, two helix-loop-helix tran scription factors, dHAND and eHAND, have been iden tified which delineate the right and left ventricular cham bers, respectively (Srivastava et aI., 1997; see Chapter 9). Whether these transcription factors are influenced by retinoic acid has not been reported.
 
 VI. Reti noid s i n Endocard ial C u s h ion Development Endocardial cushion tissue initially forms as region ally restricted thickenings of cardiac jelly between the
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 endocardial and myocardial cell layers in the primitive heart tube. Early in development, these expansions are filled with extracellular matrix components, the origin of which is thought to be primarily from the surround ing myocardium. Shortly thereafter, about E 8.5-9.0 in the mouse and HH stages 4-7 in the chick, endothelial cells of the endocardium transform into mesenchyme and migrate into the cushions (Markwald et aI., 1 977; see Chapter 10). The superior and inferior atrioventric ular (AV) cushions of the AV canal develop between the common atrial chamber and the primitive left ven tricle. AV cushion formation is analogous to processes in the maturation of the conotruncal ridges in that there is an initial deposition of matrix molecules (adherons) in the cardiac jelly (Mjaatvedt and Markwald, 1 989) fol lowed by the transformation of endothelial cells into mesenchyme and migration into the cushion-forming tissues (Eisenberg and Markwald, 1 995). Further ex pansion of the AV cushions results in the differentiation of mesenchyme into fibrous connective tissue of the ma ture valves (Lamers et aI., 1995). Myocardial cells may contribute to the mature phenotype of the inlet valves (particularly the tricuspid valve) by invading cushion tissue (Lamers et aI., 1995). Maturation of these struc tures divides the AV canal into right (tricuspid) and left (mitral) orifices. Based on studies in both avian and murine models, these early stages of formation and transformation of cushion tissue can be influenced by local levels of RA. Quail embryos cultured in the absence of RA have, be sides cardia bifida, hearts with an underdeveloped en docardium (Heine et aI., 1 985). Further evidence that RA is required for the initial formation of myocardial and endocardial lineages comes from studies of the quail QCE-6 mesodermal tissue culture cell line (Eisen berg and Bader, 1995). These cells differentiate into both myocardial and endocardial lineages upon treat ment with a combination of RA, basic fibroblast growth factor, transforming growth factor (TGF)-�2, and TGF �3. Mouse embryos treated with RA at E9.5 and then cultured for 24 hr possess AV cushions that are reduced in size compared to sham-treated embryos (Davis and Sadler, 1981). By coincubating embryos with BrdU, the authors demonstrated that the mitotic activity of mes enchymal cells was reduced in embryos exposed to retinoic acid. In cushion explants from E9.5 mouse em bryos, endoththelial-to-mesenchymal transformation was reduced after RA treatment (Nakajima et aI., 1 996). These studies indicate the importance of maintaining appropriate RA levels during the initial formation of the heart tube. RXRa-deficient mice display several defects of both the conotruncus and the AV canal. In the conotruncus, these malformations ranged from hypoplastic to the
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 complete absence of conotruncal ridges to double outlet right ventricle (Gruber et aI., 1996). The AV canal also demonstrated a range of defects; however, there was never a complete absence of cushion tissue. Defects in this region included hypoplastic cushions, incomplete or absent fusion of the superior and inferior AV cush ions, cleft mitral valve, and cleft tricuspid valve. Addi tionally, heterozygous embryos had an intermediate phenotype, indicating a gene dosage effect of RXRa. Thus, this receptor may confer a genetic susceptibility for phenotypes analogous to congenital heart disease. Other combinations of retinoid receptor mutations also result in malformations of both the outflow tract and the AV canal. Members of the TGF-� family have been strongly implicated in the epithelial-to-mesenchyme transforma tion process and may serve as candidate genes that me diate the downstream effects of RA in the early heart tube. TGF-�l, -2, and -3 are all expressed in the early embryonic chick heart (Choy et aI., 1991; Potts et aI., 1 992). TGF-�l protein is expressed in the heart throughout cardiogenesis, it is initially found on the epi cardial and endocardial surfaces and cardiac jelly, then later in development in the endocardial cushions, and, finally, in the heart valve leaflets (Choy et at., 1991). TGF-�2 and -3 are expressed in AV canal tissue (Potts et at., 1992). In vitro assays of isolated endocardial cushion tissue indicate that TGF-�l can stimulate endothelial-mesenchymal transformation (Rongish and Little, 1995). Furthermore, polyclonal antibodies prepared against extracellular proteins present in AV and outflow tract cardiac jelly inhibit endothelial trans formation to mesenchyme and TGF-�l expression in these assays (Nakajima et aI., 1 996). TGF-�l or -2, in combination with an explant of ventricular my ocardium, will produce transformation of cultured AV canal endothelial cells in vitro, where epidermal growth factor and basic fibroblast growth factor do not have the same effect (Potts and Runyan, 1989). Antisense oligonucleotides targeted to TGF-�3 inhibit in vitro mesenchymal cell formation (Runyan et at., 1992. In mouse cardiogenesis, TGF-�l is expressed in cells over lying endocardial cushion tissue (Akhurst et aI., 1990). TGF-�2 is expressed at high levels around the outflow tract and AV canal of the heart at E8.5 in all cells which eventually differentiate into cardiomyocytes, and TGF �2 protein expression persists throughout valve devel opment (Dickson et aI., 1 993). TGF-�3 RNA was not found in the early embryonic mouse heart (Runyan et aI., 1992). Mutation of mouse TGF-�2 results in conotrun cal defects which are consistent with an effect on cush ion mesenchyme (Sanford et aI., 1997). There are only limited data regarding the intersection of RA and TGF � pathways in the heart: RA deficiency in mice results
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 in a downregulation of TGF-[31 (Bavik et aI., 1996), whereas RA treatment results in an increased expres sion of TGF-[31 in endocardial and mesechymal cells and a decrease in TGF-[32 expression (Mahmood et aI., 1992). Thus, the TGF-[3 class of growth factors repre sents candidate downstream effectors of RA signaling in these processes. Other molecules may also be downstream of RA sig naling during the early stages of formation of the heart tube. As mentioned previously, cushion explant experi ments indicate that the endothelial-mesenchymal transformation is reduced after RA treatment (Naka jima et aI., 1996). These authors showed that the expres sion of fibronectin and type I collagen was reduced in RA-treated cushion explants. Vitamin A-deficient quail embryo demonstrate an elevated level and wider distri bution of expression of the transcription factor Msx-1 during early stages of development (Chen et aI., 1995). This gene is expressed in the chick heart in AV cushion tissue but not in the outflow tract cushions (Chan Thomas et aI., 1993). GATA-4 transcription factor is found in the endocardium, endocardial cushion tissue, and the myocardium of the mouse E9.5 heart tube (Heikinheimo et aI., 1 994; see Chapter 17) and in mouse F9 cells is up regulated (although not directly) by RA (Arceci et aI., 1993).
 
 V I I . Retinoids i n Loo p i ng and Wedg i ng The heart tube assumes its D-Ioop configuration soon after the bilateral heart fields fuse. It is then im portant that looping proceeds in a predictable fashion since abnormal looping results in septal defects of both the conotruncus and the AV canal. A critical aspect in the formation of the mature four-chambered heart, in cluding the correct orientation of the inflow and outflow tracts, is the process referred to as "wedging" (Kirby and Waldo, 1995). This process, during the later stages of looping (and simultaneously with septation), brings the aorta over the left ventricle between the mitral and tri cuspid valves. Moreover, it results in the convergence of the outflow septum, the ventricular septum, and AV cushion tissue, culminating in the formation of a nor mally septated four-chambered heart (Kirby and Waldo, 1995). Inappropriate looping and wedging events can result in a variety of cardiac defects, includ ing ventricular septal defects, double-inlet left ventricle, and double-outlet right ventricle (Kirby and Waldo, 1995). Retinoic acid treatment of stage 15 chick embryos leads to cardiac malformations, including ventricu lar septal defects and double-outlet right ventricle
 
 (Bouman et aI., 1995), which may indicate an alteration in the looping process. Mouse embryos treated with RA at E8.5 display these defects and transposition, which have been proposed to arise from an initial disturbance in looping (Pexieder et aI., 1995). Several combinations of mutations of retinoid receptor genes in mice result in conotruncal malformations that might be explained by looping and/or wedging disturbances at earlier stages of development. There are few molecular insights to account for loop ing defects caused by RA manipulation. Mice carrying a null mutation for the homeobox gene Nkx2.5 lack a normally looped heart (Lyons et aI., 1995; see Chapter 7), although whether RA is involved in pathways which include Nkx2.5 is not yet known.
 
 V I I I . Retinoids i n Ventricular Matu ration At the time of completion of looping of the early heart, the ventricular chambers are thin-walled, have al ready been specified to left and right fates, and are sep arated by the bulboventricular groove which demarks the axis of the future interventricular septum. Matura tion of the ventricles involves several processes: devel opment of the trabecular component of the my ocardium, thickening of the outer chamber wall through assembly of the compact zone of laterally oriented my ocytes, and formation of the muscular portion of the ventricular septum. One of the prominent malformations recognized as arising from maternal nutritional vitamin A deprivation (Wilson and Warkany, 1949) was an underdevelopment of the compact zone of the ventricular chamber wall. Defects in the muscular portion of the ventricular sep tum were also observed, which is most likely a related phenomenon in that this portion of the septum is de rived from proliferation and involution of ventricular cardiomyocytes from the chamber wall. In these vitamin A-deficient embryos, the trabecular layer was not noted to be affected. Mutation of the RXRa gene results in a virtually identical ventricular hypoplastic phenotype. In wild type mouse embryos at E1l.5, the ventricular chamber wall is two or three cell diameters thin, and there is no obvious anatomical difference between wild-type and RXRa-deficient embryos. By E12.5, thickening of the compact zone has begun in wild-type embryos and pro gresses steadily as the embryo ages, although mutants remain thin-walled. RXRa mutant embryos die in midgestation, mostly between E14.5 and 15.5, and lethality can be correlated with and almost certainly results from grossly decreased cardiac performance
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 (Dyson et aI., 1995). The trabecular layer is affected in RXRa -/- embryos, although not nearly as dramatically as is the compact zone, and it is unclear to what extent this contributes to the lethal phenotype. Several models have been proposed to explain these phenotypes. Ventricular hypoplasia resulting from nu tritional deficiency was originally explained as a retar dation of the growth and differentiation of the cardiac muscle (Wilson and Warkany, 1949). Retardation or a complete arrest in the developmental process which causes compact zone formation is consistent with the anatomical appearance of RXRa -/- and nutritionally deficient hearts in that the ventricles of these experi mental models resemble the thin-walled ventricles of the earlier embryo. In addition, ventricular expression of the myosin light chain 2a (MLC-2a) gene is abnor mally persistent in RXRa-/- embryos through E14.5 (Dyson et aI., 1995; see Chapter 15), which is consistent with an arrest in development at around E11.5 when this gene is normally expressed in the ventricle. A completely different model for explaining the ven tricular hypoplasia phenotype is that the ventricular chamber is partially misspecified to an atrial fate (Dyson et aI., 1995). The atrial developmental program is to remain thin-walled and to express an atrial-specific gene expression program, including MLC-2a. However, the ventricles of RXRa -/- and nutritional vitamin A deficient embryos are clearly ventricular in fate in that they are both trabeculated, and other chamber-specific markers are normally expressed in RXRa - / - mutant hearts. If misspecification to an atrial fate is a compo nent of the RXRa -/- phenotype, it is only a partial and very selective aspect of specification which is affected. Still another model to explain the mutant phenotype is that ventricular cardiomyocytes prematurely differenti ate in the absence of retinoid signaling. Support for this model comes from the observation (Kastner et aI., 1994) that the ultrastructural organization of the contractile apparatus in compact zone myocytes of RXRa - / - em bryos is more highly organized than that in wild-type embryos and thus resembles what is seen in trabecular myocytes and in older and more differentiated compact zone myocytes. Because differentiated cardiomyocytes are postmitotic, this model also provides an explanation for the thin ventricular chamber wall. This model would seem to be in direct opposition to one in which devel opment is arrested at an earlier stage, but these may be the same if developmental arrest causes premature dif ferentiation. Surprisingly, a large number of mouse mutations have a similar if not identical ventricular phenotype as is seen in RXRa -/- embryos. These genes include the cell cycle regulator N-myc (Moens et aI., 1993), the tran scription factors TEF-1 (Chen et aI., 1994) and WT-1
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 (Kreidberg et at., 1 993), the G protein-coupled receptor kinase (3ARK-1 (Jaber et aI., 1 996), and the cell surface receptor gp130 (Yoshida et aI., 1996). Whether there is any convergence between these several signaling path ways and RA signaling remains unknown. In contrast to studies in which the prevention of an endogenous retinoid-dependent program by either nu tritional deficiency of ligand or genetic deficiency of re ceptor dramatically alters ventricular morphology, the effects of RA excess on the ventricles are much less pronounced. An excess of RA does not obviously affect mouse ventricular maturation, although in RA-treated chick embryos, Dickman and Smith (1996) noted a my ocardial thickening.
 
 IX. Retinoids i n N e u ral C rest and Aortico p u l monary Septation Cells derived from the neural crest are responsible for initiating formation of the aorticopulmonary (AlP) septum and ultimately form the smooth muscle layer around the mature derivatives of the aortic arch arter ies (LeDouarin, 1982; Kirby et aI., 1983). The cardiac neural crest domain has been mapped to the caudal hindbrain and rostral spinal cord region of the neural tube. Deficiencies in this neural crest population result in persistent truncus arteriosus (PTA; representative of a failure in formation of the AlP septum) and in various aortic arch artery defects as well as defects in the thy mus, thyroid, and parathyroid organs. Retinoids are clearly involved in the morphogene sis of the aortic arch arteries and the AlP septum. The nutritional vitamin A-deficiency studies (Wilson and Warkany, 1949) documented an impressive array of aor tic arch artery defects, generally involving inappropri ate persistence or regression of the paired early aortic arch artery network. Particularly prominent were sev eral common human pediatric entities, such as retro esophageal right subclavian artery and right-sided aortic arch. Mutations of various retinoic acid receptor genes also result in numerous aortic arch defects. Persistent truncus arteriosus was a rare phenotype in the nutri tional vitamin A deficiency study (probably rare be cause of experimental limitations) but can be recovered at up to 100% penetrance in different retinoid receptor mutation backgrounds. RA excess treatment leads to a spectrum of defects which overlap the deficiency phenotypes (Shenefelt, 1972; Taylor et aI., 1980; Pexieder et at., 1995). Thus, aor tic arch anomalies are prominently seen after RA ex cess exposure, and while PTA is not a vitamin A-excess phenotype, conotruncal malformations such as double outlet right ventricle are recovered. These conotruncal
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 defects may arise because of defects in looping (de scribed previously) or through perturbation of the neural crest population. Deficiencies in the thymus and parathyroid organs are also seen following RA excess exposure, consistent with an effect on the domain of the cardiac neural crest. However, a strong arguement can be made that the consequences of vitamin A deficiency and excess are ac counted for through different mechanisms. In the mouse, RA excess is given at E8.5-9.5 (when axial iden tity of the neural tube is established) to induce cardio vascular defects (Pexieder et aI., 1 995), whereas the re quirement for endogenous vitamin A signaling appears to be between E9.5 and 10.5 (when neural crest cells have migrated away from the neural tube and are resi dent in the outflow tract) (Wilson et aI., 1953). RA ex cess induces thymic and parathyroid hypoplasia (Lam mer et aI., 1985), whereas nutritional (Wilson et aI., 1953) or genetic deficiency (Lee et aI., 1997) does not re sult in hypoplasia of these organs. Finally, RA excess at E8.5 alters the axial identity of cells in the hindbrain and spinal cord (Kessel and Gruss, 1991; Conlon, 1995), concurrent with the establishment of a new pattern of Hox gene expression and prior to the onset of crest cell migration away from the dorsal neural tube. In contrast, genetic deficiency does not cause homeotic transforma tions in embryos with PTA (Luo et aI., 1996), and em bryos lacking RARy have homeotic transformations but do not have PTA (Lohnes et aI., 1993). Conse quently, while the effects of RA excess are likely to re sult from misspecification of crest cell identity in the neural tube, the effects of deficiency are more consis tent with a failure in a later stage of crest cell migration or differentiation. A number of other genes have been implicated in cardiac neural crest cell differentiation. The Pax-3 (Franz, 1989) and the endothelin-1 (Kurihara et aI., 1995) genes have been shown in mice to be required for normal outflow tract and aortic arch artery morphogen esis, although Pax-3 is expressed in the neural crest pop ulation (Conway et aI., 1997) and ET-1 is expressed in the endothelium of the aortic arches (Kurihara et aI., 1995). The dHAND gene is also expressed in neural crest, and mutation of this gene results in a failure of the aortic arch arteries to form (Srivastava et aI., 1997). The human pediatric condition known as DeGeorge syn drome results in conotruncal defects as well as thymic and parathyroid deficiencies, very similar to the pheno type seen after retinoic acid excess exposure (Green berg, 1993), although the gene or genes responsible for DeGeorge syndrome have not been definitively identi fied (Gong et aI., 1 996). Whether retinoic acid regulates the expression of any of these genes has not yet been explored.
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 x. Con c l u d i n g Remarks It is clear from the previous discussion that retinoids have a broad role in directing normal cardiovascular morphogenesis, and that the developing heart is ex tremely sensitive to perturbation (in either direction) of retinoid signaling. Previously, a popular model held that RA worked by establishing positional identity within a "developmental field," such as the limb bud, or in prin ciple the heart. Recent analyses (as described previ ously) are far more supportive of a conceptualization of RA acting in multiple independent events during the course of heart development, even though these events are closely linked in space and time. What is lacking is a molecular explanation to account for the nature of the defects which are induced by either vitamin A defi ciency or excess paradigms, although numerous candi date genes are available for testing. A critical goal for the future is the identification of upstream and down stream processes which dictate the activation of and re sponse to retinoid signaling. The large number of heart morphogenic processes which are sensitive to RA, and the similarity of the experimental phenotypes to what is seen in clincal cases of congenital heart defects, suggest that this will be a fruitful and worthwhile area of pur suit.
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 I . I ntrod uction The general pattern of the embryonic vascular sys tem is highly conserved between vertebrates (Fig. 1), most likely reflecting the vascular patterns of an ances tral species. Considering the conservation of the basic vascular pattern in different vertebrates, it is also likely Heart Deve l o p ment
 
 22 1
 
 that the cellular and molecular mechanisms underlying the patterning of the vascular architecture are also con served in different species. The defining cell type of the vascular system is the endothelial cell, which comprises the lining of the entire circulatory system, including the heart and all veins and arteries. The morphogenesis of the embryonic vasculature begins with the appearance of angioblasts in most mesodermal tissues (Fig. 2A). Angioblasts are defined as endothelial precursor cells which have not yet incorporated into the endothelial tissue of blood vessels, and throughout this chapter we will use the terms angioblast and endothelial precursor cell interchangeably. Sometime after their specification in the mesoderm, the angioblasts associate into vascular cords (Fig. 2B), which subsequently mature into the blood vessels that form the primary vascular system of the embryo. Angioblast assembly into a vessel occurs via a process termed vasculogenesis, or the coalescence of free angioblasts into vascular primordia (Fig. 2e). Af ter the initial vasculature is established, it is elaborated and extended throughout the embryo as a result of a process termed angiogenesis (Fig. 2D). Still later, the embryonic vascular system is extensively modified by endothelial remodeling, which involves both the en largement and the splitting of existing vessels and ex tension of new vessels into avascular tissue (Fig. 2E). Remodeling can also include the regression or complete Copyright © 1999 by Academic Press All rights of reproduction in any form reserved.
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 Anterior
 
 Internal carotid artery
 
 Duct of Cuvier (common nal vein) Dorsal aorta
 
 Posterior cardinal vein
 
 Ventral aorta
 
 Sinus venosus
 
 Fig u re 1 Major features of the vertebrate cardiovascular system. Endothelial cells create the inner lining of all vessels in the vertebrate embryo, including the major vessels (represented here in a simplified manner) and the minor vessels, such as small arterioles, venules, and capillaries (not shown). Major vessels include the endocardium, the dorsal aortae, the cardinal veins (anterior and posterior), the carotid arteries, the vitelline arteries and veins, the ducts of Cuvier, and the allan toic vein and artery. Generally, the blood flows from the heart, up the ventral aortae, through the aortic arches, and to the rest of the embryo. Blood then returns to the sinus venosus of the heart via the vitelline veins and the ducts of Cuvier.
 
 disappearance of existing vessels. The final stage of vas cular development is maturation, which involves a dra matic reduction in endothelial cell proliferation, mor phological changes to endothelial cell shape and organization, and the recruitment of vascular wall com ponents. Driven in part by the study of blood vessel develop ment during tumor angiogenesis, a great deal of recent research has focused on the function of growth factors and their receptors in regulating the proliferation and development of vascular tissue. Despite rapid progress, the molecular mechanisms underlying many aspects of embryonic vascular development remain unclear. For example, very little is known concerning the precise ori gins of angioblast precursor cells in the embryo or of the nature of the signals responsible for patterning the embryonic vasculature. Ultimately, knowledge of the function and regulation of the molecules involved in vascular growth and development will not only lead to an understanding of this key embryonic process but will also facilitate the development of diagnostic and thera peutic applications relevant to a wide range of vascular
 
 pathologies. This chapter will focus on the molecules in volved in regulation of embryonic vascular develop ment. It is important to state from the outset that, al though many of the molecules involved in vascular development have been identified, our understanding of the precise roles of these molecules is still in its in fancy.
 
 I I . O r i g i n of Endothelial Cel l s
 
 A. The Ext rae m b ryo n ic and I ntrae m b ryon i c A n g i o b l asts Until recently, our knowledge of the origins and de velopment of the vascular system was based almost ex clusively on studies employing classic embryological techniques. Early studies, primarily using the avian em bryo, suggested that the embryonic vasculature might originate following invasion of the embryo by vessels from extraembryonic tissues (His, 1 868, 1900). This hy pothesis was in part based on the fact that the first overt
 
 Ectoderm Free angioblasts develop in the mesoderm
 
 Endoderm
 
 Vasculogenesis
 
 Angioblast cells
 
 Free angioblasts assemble into cords
 
 Endothelial cells
 
 Angioblasts differentiate into endothelial cells and form tubes
 
 ".�""-
 
 Primary capillary plexus Angiogenesis
 
 Remodelling and Maturation Recruitment of vascu lar wall cells
 
 Fig u re 2 Schematic representation of the major processes involved in vascular development. Initially, (A) angioblasts differentiate from the mesoderm and then form cords either at the location where they emerge or at a distant location, following migration (B). (C) The endothelial cells in the cords now differentiate and form tubes (i.e., acquire patency). (D) The primary vascular plexus is then extended and elaborated by angiogenesis. (E) Vascular remodeling occurs, resulting in the formation of large and small vessels. Finally, the endothelium matures and mesenchymal cells are recruited to become components of the vascular wall.
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 signs of blood vessel development are evident on the yolk sac, outside the embryo proper, and that directed branching of vessels occurs toward the embryo. How ever, other researchers observed isolated endothelial vesicles within the embryonic splanchnic mesoderm and challenged this view (Evans, 1909; Sabin, 1 917). Subse quent studies have demonstrated that the embryonic vasculature does indeed develop from intraembryonic precursors (Hahn, 1909; Stockard, 1915; Reagan, 1915; McClure, 1 921; Dieterlen-Lievre, 1 975; 1984; Pardanaud et ai., 1987; Noden, 1989; Wilms et ai., 1991). For exam ple, in experiments using the Japanese quail, Reagan (1915) separated the area pellucid a (embryo proper) from the area opaca (yolk sac) prior to the formation of vessels and observed isolated endothelial differentia tion within the embryo. This conclusively demonstrated that the embryonic vasculature arose in situ intraem bryonically rather than by invasion of vascular precur sor cells from extraembryonic tissues. Other researchers refined this proposition by analysis of the formation of major blood vessels, particularly in the head and heart region. Once again, these vessels were shown to form by the assembly of endothelial cells arising within the em bryo rather than by colonization from an extraembry onic source (Jolley, 1940; Rosenquist, 1 970; Johnston et ai., 1 979).
 
 B. E n d oth e l i a l O r i g i n s i n t h e M e soderm The precise origin o f endothelial cells i n the embryo has long remained elusive, although it is now clear that endothelial cell differentiation occurs exclusively in the mesoderm (Coffin and Poole, 1988; Noden, 1989). Furthermore, it appears that secondary embryonic in ductions are not required since determination and dif ferentiation of endothelial cells is independent of gastrulation (Azar and Eyal-Giladi, 1979; Zagris, 1980; Mitrani and Shimoni, 1990; Christ et ai., 1991). The early stages of endothelial development in the embryo were first revealed in studies using scanning electron mi croscopy (SEM) to directly examine developing blood vessels. Initial development of vessels, such as the dor sal aorta, was observed at the mesoderm-endoderm in terface with the assembly of clusters and vesicles of en dothelial precursor cells immediately preceding actual vessel formation (Meier, 1980; Hirakow and Hiruma, 1981, 1983). However, the SEM studies were fundamen tally limited by the fact that endothelial cells could not be identified until they associated into groups. There fore, the characterization of monoclonal and polyclonal antibodies specific to endothelial cells in the quail, such as MBI (Peault et ai., 1983; LaBastie et al., 1986) and OH-l (Pardanaud et al., 1987), provided a major break through in the study of vasculogenesis. These antibodies
 
 IV N o rmat a n d A b n o rmal M o r p h og e n e s i s
 
 facilitate the identification of endothelial cells soon af ter they arise in the mesoderm and long before their as sociation into vascular tissue. Subsequent studies have revealed that the major embryonic blood vessels arise as cords of free angioblasts which coalesce, in situ, at the location where they will mature (Pardanaud et ai., 1987; Coffin and Poole, 1988; Peault et ai., 1988; Poole and Coffin, 1989). Following the identification of OH-l, transplantation experiments using quail-chick chimeras refined our knowledge of the tissues containing endothelial precur sor cells. Transplants of various quail tissues into chick embryos showed that all intraembryonic mesodermal tissues, except the prechordal plate, contain migrating endothelial precursor cells (Noden, 1989). Since this study, other groups have identified later embryonic tissues that contain angioblasts, including the splanchnopleure, the paraxial mesoderm, Hensen's node, the primitive streak, and, in rare cases, the so matopleuric mesoderm (Wilms et ai., 1991; Feinberg and Noden, 1991; Wilting et ai., 1992; Pardanaud and Dieterlen-Lievre, 1993; Brand-Saberi et aI., 1994). So matopleuric mesoderm, however, is thought to be ini tially colonized by extrinsic precursors (Pardanaud et al., 1989). Recent studies suggest that angioblasts from different embryonic tissues may not represent equivalent lineages since angioblasts derived from the splanchnopleuric mesoderm may have the option of de veloping into hematopoietic cells, whereas those de rived from the somatopleuric mesoderm appear to be restricted to the development of endothelial cells (Par danaud et aI., 1996). As originally suggested by Wilt (1965) and subse quently supported by numerous researchers, including Pardanaud et aI., (1989) and Palis et al. (1995), in situ differentiation of endothelial cells occurs primarily in mesoderm which is in contact with underlying endo derm. Organs and tissues devoid of endoderm, such as kidney and the brain, must be vascularized by angio genesis because no resident angioblasts exist in these tissues (Pardanaud and Dieterlen-Lievre, 1993). In ad dition to inducing angioblasts in the adjacent meso derm, the endoderm is thought to pattern the endothe lium later during development, creating regional differences in the properties of the overlying endothe lial cell layer. For example, this patterning property of the endoderm occurs during endocardial development when the endoderm or endodermally secreted mole cules are thought to modulate the competence of endo cardial cells to respond to a myocardial-derived signal. This signal induces a regional epithelial-mesenchymal transformation of atrioventricular endothelium during valve formation (Bolender and Markwald, 1991).
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 I I I . M olecu les I nvolved i n Early Mesodermal Differentiation of Endothelial Cel l s
 
 A . F i b ro b last G rowth Factor Members o f the fibroblast growth factor (FGF) fam ily (especially bFGF) play a critical role in the induction of the mesodermal germ layer during the earliest stages of embryogenesis. In Xenopus laevis, they are potent in ducers of ventral mesoderm, which will go on to form the blood islands and some muscle tissues (Slack et aI., 1987; Godsave et aI., 1988; Knochel et aI., 1989; Isaacs et at., 1992; Tannahill et at., 1992). However, FGFs are also required for the development of certain dorsal types of mesoderm, suggesting a synergism between FGF and the transforming growth factor-!3 (TGF-!3) family of growth factors, which are required for dorsal mesoderm formation (Cornell and Kimelman, 1 994; LaBonne and Whitman, 1 994). Experiments using an in vitro system of avian epiblast cell culture have shown that FGF in duces expression of the receptor tyrosine kinase gene jik-l (Flamme et aI., 1995b) (known as jik-l in the mouse, VEGFR2 in the chick, and KDR in humans), which is a very early marker of the endothelial cell lin eage (Matthews et aI., 1991; Quinn et aI., 1 993; Eich mann et aI., 1 993; Millauer et aI., 1993; Yamaguchi et aI., 1993). The inducibility, however, is limited to the first 24 hr of culture. This led the authors to suggest that FGFs are important very early in the establishment of the en dothelial cell lineage. In support of this suggestion, the vasculogenic mesoderm and endothelial cells fail to de velop in Xenopus embryos lacking the FGF-receptor-1 activity (Amaya et aI., 1991). Despite the crucial func tion of FGFs in mesoderm induction and possibly in the induction of jik-l expression, these molecules are not believed to function during subsequent morphogenesis of the vasculature (as will be discussed later).
 
 B . Fl k- l jVEG F Angioblast differentiation in the mesoderm requires the activity of vascular endothelial growth factor (VEGF) and its receptor, Flk-l . VEGF and Flk-1 act in a paracrine signaling system, with VEGF expression generally restricted to the endoderm and ectoderm and Flk-1 expression in the mesodermal endothelial cells (Breier et aI., 1995; Flamme et aI., 1995a; Cleaver et aI., 1 997). Deficiency of either molecule results in signifi cant vascular abnormalities. In the case of VEGF, loss of function of even a single copy of the gene is lethal. Het erozygous mice carrying a single functional copy of the VEGF gene die on Embryonic (E) Day 10.5 because of severe perturbation of vessel development, including
 
 the disruption of dorsal aorta formation (Carmeliet et aI., 1996a; Ferrara et aI., 1996). Differentiation of en dothelial cells, growth of existing vessels, lumen forma tion, and spatial organization of vessels are also signifi cantly impaired. This dramatic heterozygous phenotype suggests that threshold levels of VEGF are critical for most steps of vascular development. Homozygous mu tant mice die at the same developmental stage as the heterozygous mutant mice; however, they show much more severe vascular abnormalities and tissue necrosis (Carmeliet et aI., 1 996a). At E8.5, mutant mice lack the dorsal aorta over its entire length. These embryos also show reduced (but significant) expression of endothe lial markers (flk-l, jit-l, tie-2, and PECAMICD31), sug gesting that endothelial cell development is delayed but not completely eliminated. Ablation of Flk-1 function in mice causes severe dis ruption of angioblast development, leading to a total absence of blood vessel formation (Shalaby et aI., 1995). In addition, these embryos lack the hemangioblastic cell lineage and do not develop blood. These experiments demonstrate the central role of the VEGF/Flk-1 signal ing pathway for vascular development. The difference between the VEGF and Flk-1 mutant phenotypes has led to speculation that another Flk-1 ligand (such as VEGF-B or VEGF-C) may be active during early mesoderm induction and could partially rescue the VEGF knockout (Breier and Risau, 1996). It seems ex tremely likely, therefore, that Flk-1 and VEGF are re quired for angioblast differentiation, but that the amounts and the activity of the different VEGF ligands determine angioblast survival (Risau, 1997).
 
 IV. T h e Blood I s lands The earliest discernible vascular structures in the avian embryo are the blood islands, which arise in the yolk sac outside the embryo (Romanoff, 1960). Blood islands have also been observed in the mesodermal layer of the murine yolk sac and in the ventral-most mesoderm of the Xenopus embryo (Haar and Acker man, 1971; Bertwistle et aI., 1996). Teleosts such as ze brafish do not have yolk sac blood islands and embry onic erythropoiesis occurs in the intermediate cell mass, which forms during gastrulation (AI-Adhami and Kunz, 1 977; Colle-Vandevelde, 1963). The blood island anla gen give rise to hemangioblastic focal aggregations, in which the peripheral cells differentiate into endothelial cells and the inner cells become blood cells (Wilt, 1974; Pardanaud et aI., 1987; Peault et aI., 1988). The distinct developmental potential of these cell types has been shown in experiments in which the inner cells are re moved and blood formation is precluded without af-
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 fecting the development of vascular structures (Goss, 1928). Later in development, after the blood islands have formed in the splanchnopleura, they anastomose (make connections) to form a continuous primary vas cular network (Jolley, 1 940; Houser et ai., 1961; Haar and Ackerman, 1 971). In the avian embryo, endothelial cells in intraembryonic tissues differentiate shortly after the appearance of the blood islands in extraembryonic tissue. The differentiation of these intraembryonic an gioblasts is not usually associated with a concomitant differentiation of hematopoietic cells. The only excep tion is a small region of the aorta in which paraaortic clusters and intraaortic clusters are candidate sites for the production of intraembryonic hematopoietic cells (Miller and McWhorter, 1 914; Cormier et ai., 1986; Olah et at., 1 988; Garora-Porrero et at., 1995; Godin et at., 1995; Tavian et at., 1 996; Dieterlen-Lievre et at., 1997). In Xenopus, a single blood island is found in the ventral-most mesoderm, where a patch of hematopoi etic precursors which will give rise to the embryonic blood is surrounded at the edges by a wide ring of en dothelial cell precursors expressing the endothelial marker flk-l (Kau and Turpen, 1983; Bertwistle et at., 1996; Cleaver et ai., 1997). It is not clear whether these lineages share a common precursor. Although the am phibian blood island is functionally equivalent to the blood islands of the chick and mouse, it differs in three dimensional structure and is also intraembryonic. This is not surprising since the morphology of blood islands varies greatly between different classes of vertebrates and even between different species within a class (Goss, 1928). Later during development, the dorsal lateral plate mesoderm of Xenopus gives rise to hematopoietic precursors; however, these exclusively contribute to adult blood (Kau and Turpen, 1 983; Maeno et at., 1985). This region of mesoderm expresses flk-l as well as members of the GATA gene family which mark blood precursors (Bertwistle et at., 1996; Cleaver et ai., 1997). Again, it is unclear if these blood and vascular lineages share a common precursor.
 
 V. The Hemang ioblast The intimate temporal and spatial association of hematopoietic and endothelial cell development has led to the hypothesis that both lineages arise from a com mon precursor. This putative precursor cell has been called the hemangioblast (His, 1900; Sabin, 1920; Mur ray, 1932; Wagner, 1980). Although the hemangioblast theory is nearly a century old, the existence of a cell with both endothelial and hematopoietic potential has not yet been confirmed. However, a number of lines of evidence suggest that the hemangioblast exists. Studies
 
 of the receptor tyrosine kinase gene flk-l demonstrate that it is expressed in the extraembryonic yolk sac blood islands that contain both hematopoietic and endothelial lineages. This expression, however, is only maintained in the endothelial precursors (Matthews et ai., 1991; Eich mann et at., 1993; Yamaguchi et at., 1993; Millauer et at., 1993; Palis et at., 1995; Dumont et at., 1995). Gene abla tion studies subsequently demonstrated that mice mu tant in the flk-l gene develop neither blood nor vascu lar tissue (Shalaby et at., 1 995), suggesting that a single cell type may be affected early during development. These expression and functional analyses imply that Flk-1 is present and necessary in both the hematopoi etic and endothelial cell types, but the signals that de termine the commitment to the angioblastic or hema topoietic cell lineages remain unknown. In addition to flk-l, the hematopoietic and endothe lial cell lineages express other genes in common during early embryogenesis. These include the Tie and Tek (Tie-2) receptor tyrosine kinases (Dumont et ai., 1992; Partanen et at., 1992; Iwama et at., 1993; Sato et at., 1993; Schnurch and Risau, 1993; Korhonen et at., 1994), the OH1 and MB1 antigens (Peault et at., 1983; LaBastie et at., 1986; Pardanaud et at., 1987), TGF-131 (Akhurst et at., 1990), the transcription factor c-ets-1 (Pardanaud and Dieterlen-Lievre, 1993), the cell adhesion mole cules PECAM-1 (Newman et at., 1990; Baldwin et at., 1994) and CD34 (Fina et at., 1990), the angiotensin converting enzyme (ACE) (Caldwell et at., 1976), the von Willebrand factor (Jaffe et at., 1 973; Hormia et ai., 1984), the cell adhesion glycoproteins P-selectin and E-selectin (Gotsch et at., 1994), and the transcription factor SCLITAL-1 (Begley et at., 1989; Kallianpur, 1994). In many cases, expression of the genes that en code these molecules is maintained in only one lineage. For instance, during early development of the mouse, SCLITAL-1 is expressed in both the hematopoietic and the endothelial cell lineages. However, SCLITAL-1 ap pears to be required only in the hematopoietic cells (Porcher et at., 1996). Homozygous mutant mice do not develop any of the hematopoietic cell lineages, such as red cells, myeloid cells, mast cells, or T and B cells. It is possible that the early expression of SCLITAL-1 marks hemangioblastic cells but that the endothelial and blood cell lineages diverge very early and have different re quirements for continuing SCLITAL-1 expression. Another line of evidence supporting the heman gioblast hypothesis is the spontaneous formation of hematopoietic and angioblastic cell lineages in avian epiblast cultured in vitro, which suggests that commit ted hemangioblast precursors may already be present in the epiblast prior to gastrulation (Murray, 1932; Azar and Eyal-Giladi, 1979; Zagris, 1 980; Mitrani et at., 1990). However, when avian epiblast cells are dissociated, cul-
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 tured in vitro, and allowed to form embryoid bodies, no blood island differentiation is observed (Yablonka Reuveni, 1989; Flamme and Risau, 1992). Addition of FGF to dissociated avian epiblast cells restores the ca pacity to form blood islands, suggesting that a single growth factor is necessary for the induction of both cell lineages or possibly for the induction of a common he mangioblast precursor (Flamme and Risau, 1992; Krah et aI., 1994). This is in contrast to mouse embryonic stem cell-derived embryoid bodies in which blood islands de velop without the addition of FGF (Risau et aI., 1988). The difference in the appearance of blood islands in the avian and mouse systems has not been explained, but it may involve different endogenous levels of FGF. Thus, it is possible that FGF is necessary for the induction of the hemangioblast cell lineage in both the avian epiblast and the mouse embryoid bodies but that FGF activity is lost from the epiblast upon dissociation.
 
 VI. Endothelial Proliferation Once endothelial cells differentiate in the embryo, they proliferate and migrate before assembling into blood vessels. It is not until the vascular network has matured in the adult that endothelial cells become qui escent. In the mature vasculature, their turnover is ex tremely slow. The factors regulating endothelial cell proliferation have been extensively investigated. Both FGF and VEGF are mitogens of capillary endothelial cells in culture (Folkman and Shing, 1992), but FGF is not endothelial cell specific since it also stimulates the growth of a number of other cell types, including smooth muscle cells, fibroblasts, and certain epithelial cells (Shing et aI., 1984; Esch et aI., 1985). On the other hand, VEGF is a potent and specific mitogen for en dothelial cells (Ferrara and Henzel, 1989; Gospodaro wicz et aI., 1 989; Levy et aI., 1989; Keyt et aI., 1996; for review, see Ferrara et aI., 1992). Addition of exogenous VEGF to developing embryos causes dramatic alter ations to vascular structures. For example, ectopic VEGF leads to the formation of hyperfused vessels and ectopic vascular development in quail embryos (Drake and Little, 1 995), increases in vascular density in the chick limb bud (Flamme et aI., 1995b), increased en dothelial proliferation in the chick chrorioallantoic membrane (Wilting et aI., 1 996), and the formation of ectopic vascular structures in the frog embryo (Cleaver et aI., 1997). Another growth factor, platelet-derived growth factor (PDGF), is also implicated in endothelial proliferation since it acts as an inducer of angiogenesis in vivo and is chemotactic for endothelial cells (Miya zono et aI., 1 987; Ishikawa et aI., 1989; Battegay et aI., 1994). The endothelial cells of capillaries express both
 
 PDGF-B and its receptor, PDGF-I3, suggesting an au tocrine stimulatory system (Hermansson et a/., 1 988; Holmgren et aI., 1991). This suggestion is reinforced by in vitro experiments which indicate that PDGF influ ences the angiogenic proliferation of endothelial cells in an autocrine fashion (Ishikawa et a/., 1989; Battegay et al., 1994). Certain factors have been demonstrated to inhibit the angiogenic proliferation of endothelial cells (Klags brun and D'Amore, 1991), including thrombospondin (Good et aI., 1990), platelet factor IV (Taylor and Folk man, 1982), -y-interferon (Friesel et a/., 1987), protamine (Taylor and Folkman, 1982), angiostatin (O'Reilley et aI., 1994), and TNF-a (Folkman and Shing, 1992). TGF13 is also a negative regulator of endothelial cell growth, having been shown to inhibit both endothelial cell proliferation (Heimark et aI., 1 986; Muller et aI., 1987; Antonelli-Orlidge et aI., 1989) and migration (Sato and Rifkin, 1989). Hyaluronic acid (HA) also downregu lates endothelial cell proliferation. In the avian limb bud, ectoderm-derived HA is thought to be responsible for maintaining a subectodermal avascular zone, and ec topic HA has been shown to induce avascular zones (Feinberg and Beebe, 1 983). Interestingly, degradation products of HA seem to promote angiogenic prolifera tion in healing wounds (West et aI., 1985; Thompson et al., 1 992).
 
 V I I . Assem bly of Blood Vessels The formation of the mature vascular system is achieved by a coordination of vasculogenesis and an giogenesis (Risau et aI., 1988; Pardanaud et a/., 1989). Vasculogenesis is almost exclusively limited to the es tablishment of the primary vascular plexus in the em bryo, whereas angiogenesis extends and remodels the primitive embryonic vasculature and is required for the normal growth of embryonic tissues. Vasculogenesis and angiogenesis are two distinctly different cellular mech anisms and it is likely that they are regulated by differ ent molecular mechanisms.
 
 A. Vasc u l o g e n e s i s The earliest step in the development of the vascular system is the specification of mesodermal cells to be come endothelial cells. These cells soon organize into a primitive vascular plexus via the process of vasculogen esis (Fig. 3A). Vasculogenesis is defined as the coales cence of free angioblasts into loose cords or the fusion of blood islands (Sabin, 1917; Poole and Coffin, 1989). Some definitions also state that this assembly of an gioblasts must occur in situ, i.e., in the absence of signif-
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 C Vasculogenesis plus Angiogenesis F i g u re 3 Schematic representation o f the basic mechanisms o f vascular development. (A) Vasculogenesis is the aggregation of angioblasts in the mesoderm to form blood vessels. Angioblasts either coalesce at the location where they emerge from the mesoderm or they migrate through tissues and form blood vessels at a distant site. (B) Angio genesis involves the formation of new vessels from preexisting vessels. One form of angiogenesis, sprouting angio genesis, is responsible for the growth of blood vessels into most developing organs. It involves both the proliferation and the migration of endothelial cells at the tips of the angiogenic sprouts. (C) In some cases, for example, the lung, both vasculogenesis and angiogenesis occur concurrently.
 
 icant cell migration, but as will be explained later, this is not always the case. The vascular cords later mature into embryonic blood vessels at the same position that they originally assembled. Vasculogenesis is therefore re sponsible for the formation of the primordia of the ma jor blood vessels as well as a rather homogeneous cap illary network, which will eventually be modeled into the mature vascular network. Formation of the blood islands, the dorsal aortae, the
 
 endocardium, and the cardinal and vitelline veins is ac complished by vasculogenesis (Nelsen, 1953; Coffin and Poole, 1988; Poole and Coffin, 1989; Pardanaud et aI., 1987; 1989; Kadokawa et aI., 1 990; Coffin et aI., 1991; Risau and Flamme, 1995). Although, as a general rule, establishment of the vasculature of most organs occurs by angiogenesis (see below), the vascular network of certain endodermal organs, including liver, lung, pan creas, stomach/intestine, and spleen, occurs by vasculo-
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 genesis (Sherer, 1991; Pardanaud et aI., 1 989). Overall, vasculogenesis involves a closely coordinated and se quential series of steps, including differentiation, mi gration, adhesion, and maturation, that results in the coalescence of individual migratory angioblasts into a continuous tubular endothelium (Coffin and Poole, 1988). The development of the endocardium by vasculo genic mechanisms has been most completely described in the quail and mouse embryo. Experiments in quail, using the QH-1 antibody, show that the endocardium arises by the coalescence of migrating angioblasts that form vascular cords which then mature into a vessel (Coffin and Poole, 1988). These angioblasts originate around the headfold, begin to form cords at the periph ery of the anterior intestinal portal (AlP), and then grow craniomediad to fuse and form the single straight tube of the endothelium of the heart. The ventral edge of the AlP thus provides a path for the migration of the endocardial precursor cells. Interestingly, blockage ex periments show that alternative sources of angioblasts can contribute to the endocardium when the migratory path of the normal cardiac endothelial cells is ob structed. Thus, signals in the local environment, rather than an inherent developmental program, appear to be important in the recruitment of angioblasts into endo cardial morphogenesis. In the mouse embryo, a slightly different series of events leads to endocardial develop ment and evidence suggests that the single endo cardium does not form by fusion of two chords of en dothelial precursor cells. In this case, it appears that an extensive vascular plexus, lying adjacent to the promy ocardial layer, undergoes remodeling to form a single endothelial tube (De Ruiter et al., 1992). The fusion of blood islands into a capillary plexus via vasculogenesis seems to require additional vasculogenic factors present in the embryo. The formation of a capil lary plexus will not occur in embryoid bodies derived from mouse embryonic stem cells unless they are first implanted in the peritoneum of host mice or on a chick chorioallantoic membrane, which suggests that factors are required for vascuI ogene sis which are not present in the embryoid bodies (Risau et aI., 1988; Risau, 1991). This hypothesis is supported by other experimental ob servations. For example, retinoic acid-deficient quail embryos show normal blood island development in the yolk sac, but these never anastomose to create the ves sels which would normally fuse with the intraembryonic vasculature (Heine et aI., 1985). Also, in chimeric mice expressing the polyoma middle-T oncogene, blood is lands develop into large hemangiomas that never un dergo fusion by vasculogenesis (Williams et aI., 1 988). Although the roles of retinoic acid and the middle-T oncogene on blood island development are not known,
 
 these observations suggest that some signal normally present in the early embryo is required for plexus for mation via vasculogenesis. Based on experiments in quail, Poole and Coffin (1991) distinguished two types of vascuI ogene sis. In vas cuIogenesis type I, the angioblasts associate to form a mature vessel in situ at the location where they differ entiate in the mesoderm. In vasculogenesis type I, there is no significant migration of angioblasts. In vasculogen esis type II, angioblasts may migrate significant dis tances from their original location and then associate into a vessel at a distant location. In the quail embryo, the dorsal aorta arises via vasculogenesis type I and the endocardium, and posterior cardinal veins arise via vas cUlogenesis type II (Poole and Coffin, 1 991). In addi tion, the perineural vascular plexus in the avian embryo arises via vasculogenesis type II (Noden, 1989). In con trast to the situation in birds, studies of the frog Xeno pus show that the cardinal veins develop via vasculoge nesis type I. In this case, groups of angioblasts originate in the lateral plate mesoderm under the somites and co alesce into vessels at this site on each side of the em bryo. Very soon after the appearance of the angioblasts in the lateral plate, a subset of the cells migrate toward the dorsal midline, under the somites, and associate to form a single dorsal aorta at a new location under the notochord. Therefore, in Xenopus the dorsal aorta is formed via vasculogenesis type II (Cleaver and Krieg, 1998).
 
 B. Ang i og e n e s i s After the establishment of the primitive vascular plexus, vascular structures are extended and propagated into avascular tissues via a process called sprouting an giogenesis. In addition, the structure of the primitive vascular plexus is modified by the splitting (or fusion) of established vessels via a process called nonsprouting an giogenesis, or intussusception (Folkman and Klagsburn, 1987; Klagsbrun and D' Amore, 199 1 ; Patan et aI., 1996). These two types of angiogenesis involve distinct mech anisms for achieving blood vessel modifications (Risau, 1997). The features distinguishing each type of angio genesis are described. The first type of angiogenesis involves true sprouting of capillaries from preexisting blood vessels of the es tablished primary vascular plexus (Fig. 3B). In this case, proteolytic degradation of the extracellular matrix is coupled with proliferation of the sprouting endothelial cells to allow the formation of a coherent extension from the primary vessel. Addition of new cells to the tip of an angiogenic sprout occurs by mitotic proliferation of the existing endothelial cells (Wagner, 1980), and these endothelial cells exhibit extensive migratory abil-
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 ity (Clark and Clark, 1939). In angiogenic extensions in the brain, the endothelial cells at the tip of the sprout exhibit a number of filiform processes that may serve to seek out and fuse with other such processes (Klosovskii, 1 963). It is not known how individual sprouts find each other to establish necessary connections, but the fila mentous or bulbous tips that characterize different an giogenic sprouts may represent different pathfinding mechanisms (Abell, 1946; Wagner, 1 980; Wilting and Christ, 1997). As the new vessel extends and takes shape, endothelial cells begin to differentiate and the basement membrane forms along the newly sprouting structure (Ausprunk and Folkman, 1977). This endothe lial differentiation involves the formation of a lumen and functional maturation of the endothelial cells. The vascularization of many extraembryonic and in traembryonic tissues occurs by sprouting angiogenesis. Tissues include the yolk sac, embryonic kidney, thymus, brain, limb bud, and choroid plexus (Ekblom et ai., 1 982; Le Lievre and Le Douarin, 1975; Bar, 1980; Joterau and Le Douarin, 1978; Stewart and Wiley, 1 981; Wilson, 1983). In addition, the intersomitic veins and ar teries are formed by sprouting angiogenesis (Coffin and Poole, 1988). In some instances, angiogenesis can occur simultaneously with vasculogenesis (Fig. 3C), for exam ple, during development of the vasculature of the lung (Baldwin, 1996). Factors that induce angiogenesis in vitro have been isolated from many of these tissues or organs (Risau and Ekblom, 1986; Risau, 1986). Sprout ing angiogenesis is also the predominant mechanism of vessel formation in the later embryo and in the adult. This includes the neovascularization that accompanies the normal processes of somatic growth, corpus luteum formation, placental formation, and tissue regeneration (Sariola et ai., 1983; Folkman and Klagsburn, 1 987; Kadokawa et ai., 1990; Klagsbrun and D'Amore, 1 991; Augustin et ai., 1995). In adults, sprouting angiogenesis is also linked to pathological processes, such as tumor growth, inflammatory reactions, wound healing, and di abetic retinopathies (Sholley et ai., 1984; Folkman and Shing, 1 992; Ferrara, 1995; Folkman, 1995; Hanahan and Folkman, 1996). The second mechanism of angiogenesis is called in tussusception, or nonsprouting angiogenesis, and it in volves the splitting of preexisting vessels and the conse quent expansion of capillary networks (Short, 1950; Caduff et al., 1986; Burri and Tarek, 1990; Patan et aI., 1992, 1 993, 1996). Intussusception occurs by prolifera tion of endothelial cells within a vessel. This prolifera tion results in the formation of a large lumen that is then split by the insertion of tissues columns, called tis sue pillars or posts (Fig. 4A). These pillars are formed when a disk-like zone of contact is established between opposite walls of a vessel, in a manner reminiscent of a
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 Intussusception
 
 Fig u re 4 Intussusception, or nonsprouting angiogenesis. In cap illary networks, sprouting angiogenesis and nonsprouting angiogene sis, or intussusception, can occur simultaneously. Intussusception in volves the formation of transcapillary pillars or posts which split a capillary blood vessel into two. Initially, the pillar creates a small in tervascular space (A), but the space subsequently enlarges (B and C) and forms a much larger intervascular region. After they have formed, the resulting intervascular spaces cannot be distinguished from those created by sprouting angiogenesis.
 
 stalactite extending from the roof of a cave toward the floor. In the zone of contact between the opposite en dothelial walls, intercellular junctions are formed be tween the endothelial cells. The contact zone then be comes perforated centrally, forming a canal within the pillar. This canal becomes invaded by cytoplasmic processes of myofibroblasts and pericytes and is even tually stabilized by the deposition of connective tissue fibers such as collagen. It has been demonstrated that the pillar can create a perilous obstacle for circulating erythrocytes, which tend to become damaged as they collide with it (Patan et aI., 1993). As a result of this process, the pillar splits a single vessel into two vessels at this location. The pillar can now enlarge along the length of the vessel, fully splitting a single vessel into two (Fig. 4B-4C). Intussusception can occur concur rently with sprouting angiogenesis (Patan et aI., 1996; Risau, 1997). In the developing lung, both these processes occur; however, intussusception predomi nates. This is in distinct contrast to the brain, in which sprouting angiogenesis predominates. Intussusception also occurs in the avian yolk sac, the myocardium, and the chorioallantoic membrane (Flamme et aI., 1992;
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 Short, 1950; Burri and Tarek, 1990; Van Groningen et aI., 1 991; Patan et aI., 1993, 1996). A second type of nonsprouting angiogenesis has been described as "the intercalated growth of blood vessels" (Folkman, 1987). This type of vascular growth results from the mitosis of endothelial cells within a ves sel and leads to the increase in vessel diameter or length. This process is important during healing of en dothelial wounds (Reidy and Schwartz, 1 981) and in the development of the coronary arteries (Bogers et aI., 1 989). Sprouting angiogenesis, intussusception, and in tercalated growth have been described by Wilting and Christ (1997) as distinct mechanisms of angiotropic growth (development of endothelial cells from preexist ing ones), whereas the development of endothelial cells from angioblasts has been defined as angioblastic de velopment.
 
 C . M o l e c u l e s I nvolved i n Vascu l og e n e s i s a n d Ang i o g e n e s i s A large number of molecules are capable of modu lating vasculogenic and angiogenic activity (D' Amore and Klagsbrun, 1989; Folkman and Klagsbrun, 1987). These molecules can be soluble, associated with the cell membrane, or associated with the extracellular matrix. Examples of soluble modulators of vascular devel opment include a diverse group of low-molecular weight factors such as prostaglandins (Form and Auerbach, 1983), nicotinamide (Kull et aI., 1987), 1butyryl-glycerol (Dobson et aI., 1990), and okadaic acid (Oikawa et at., 1 992). However, the actual role of these molecules in angiogenesis has been difficult to ascertain and we limit discussion to other molecules that have been more fully characterized. Molecules involved in vasculogenesis or angiogene sis whose biochemical and biological properties have been well described include many polypeptide angio genic factors. Examples include angiogenin (Fett et at., 1985) and angiotropin (Hockel et aI., 1 988), as well as polypeptide growth factors such as FGFs (Friesel and Maciag, 1995; Montesano et at., 1986), PDGFs (Holm gren et aI., 1991), and TGF-a (Heimark et aI., 1 986). Some growth factors are specific for endothelial cells and are responsible for specific aspects of endothelial cell behavior; consequently, their receptors are en dothelial cell-specific markers. We will discuss four re ceptor tyrosine kinases, Flk-l, Flt-l, Tie-I, and Tie-2, which are abundantly expressed in the endothelium during both vasculogenesis and angiogenesis (Musto nen and Alitalo, 1 995). In addition to growth factors and their receptors, extracellular matrix components have been shown to influence specific aspects of endothelial cell behavior. Fibronectin and laminin, for example,
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 have been implicated in endothelial cell proliferation and subsequent maturation, respectively. Finally, we will discuss cell adhesion molecules, such as certain integrins and cadherins, which also play an important role in vas cular development. 1. Growth Factors and Their Receptors
 
 a. Flk-I. The receptor tyrosine kinase Flk-l, a high-affinity receptor for VEGF, is critical for both vas cuiogenesis and angiogenesis. Flk-l is initially present in precursors to both blood and endothelium, but it soon becomes restricted to endothelial precursor cells. Ex pression of flk-1 is particularly high during embryonic neovascularization and during tumor angiogenesis (Millauer et al., 1993; Yamaguchi et aI., 1993; Plate et al., 1993; Dumont et aI., 1 995; Flamme et aI., 1995a; Liao et aI., 1997; Fouquet et aI., 1997; Sumoy et aI., 1 997; Cleaver et aI., 1997). The importance of Flk-l for vascular devel opment is dramatically revealed in gene targeting ex periments. Mice which lack the function of Flk-l die between E 8.5 and 9.5 as a result of defects in the development of both endothelial and hematopoietic cell lineages (Shalaby et al., 1995). More specifically, en dothelial precursor cells do not coalesce into blood ves sels by vasculogenic aggregation. In separate experi ments, a Flk-1 dominant-negative construction has been used to eliminate Flk-1 function in glioblastoma cells subcutaneously implanted into nude mice (Millauer et aI., 1994). The angiogenic growth of vascular tissue in these tumors is significantly inhibited, demonstrating the importance of Flk-1 in angiogenesis in general and solid tumor growth in particular. b. Fit-I. The receptor tyrosine kinase Flt-1 (also called VEGFRl) is closely related to Flk-1 and shows similarities to Flk-1 in both overall structure and ex pression distribution (Shibuya et aI., 1 990; de Vries et aI., 1 992). Like Flk-l, it is a high-affinity receptor for VEGF and also for the VEGF-related growth factor, placental growth factor (de Vries et aI., 1 992; Wal tenberger et aI., 1 994). Flt-l expression is associated with vascular development in mouse embryos and with neovascularization in wound healing (Peters et aI., 1993). Unlike Flk-1 , however, Flt-l is maintained in the differentiated endothelium of adult vascular tissues, suggesting that it has a function in the quiescent en dothelia of mature vessels. Targeted mutation of the fit1 gene results in embryos which develop endothelial cells in both intra- and extraembryonic tissues, but these endothelial cells do not properly assemble and orga nize into vessels (Fong et al., 1995). In these mutant em bryos, all examined vascular structures, including the major embryonic vessels, extraembryonic vessels, endo cardium, and capillary networks, are disrupted. These
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 results suggest that it is vasculogenesis, rather than en dothelial cell specification, which is impaired since en dothelial cell formation and proliferation are unaf fected by the disruption of the jlt-l gene. In fact, an increase in endothelial cell number is reported in the yolk sac and the endocardium that may be the result of a failure of contact inhibition. It has thus been sug gested that the Flt-1 signaling pathway may be involved in regulating the adhesion of endothelial cells to each other or to the extracellular matrix (Fong et aI., 1995). c. Tie-2, Angiopoietin-l, and Angiopoietin-2. An other receptor tyrosine kinase important in vasculogen esis is the receptor Tie-2 (or Tek). In the mouse, tie-2 is expressed in endothelial precursors shortly after the on set ofjlk-l expression (Dumont et aI., 1 992, 1995). Mice lacking Tie-2 function die at E 10.5, with defects in the integrity of the endothelium and defects in cardiac development (Dumont et aI., 1 994). These mutant em bryos show multiple signs of vascular hemorrhage, possibly due to the failure of either endothelial pro liferation or survival. Mutant embryos also exhibit dis tended yolk sac vessels and a ruptured and disorganized dorsal aorta. The relative number of endothelial cells decreases as development proceeds, with almost 75% less endothelial cells present in the embryo by E 9.0 relative to heterozygous controls. These experi ments suggest that Tie-2, although not absolutely re quired for the differentiation of the endothelial cell lin eage, is necessary for the expansion and maintenance of the lineage as vessels form by vasculogenesis and the embryo grows in size. Independent experiments have demonstrated that Tie-2 is also necessary for sprouting angiogenesis (Sato et at., 1995). In addition to the early defects in endothe lial cell survival, targeted mutation in the mouse leads to a failure of proper formation of the endothelial lining of the heart and to an absence of capillary angiogenesis in the neurectoderm (Sato et aI., 1995). The mutant mice display uniformly dilated vessels in the perineural plexus, abnormal and dilated vascular network forma tion in the yolk sac, and a failure of extensive branching of vessels in the myocardium. Large and small vessels are not distinguishable, suggesting a defect in vascular remodeling. Because of these abnormalities in lumen diameter, it has been proposed that Tie-2 either modu lates the activity of VEGF, which in turn regulates both intussusceptive and sprouting angiogenesis, or is in volved in recruitment of the vascular cell wall compo nents, which play a key role in endothelial integrity. Tie2 may therefore be involved in the regulation of endothelial cell angiogenesis, in addition to prolifera tion, maturation, and survival. Two ligands for Tie-2 have been identified and are
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 called the angiopoietins (Davis et aI., 1996; Suri et aI., 1996). Angiopoietin-1 is expressed in close proximity to developing blood vessels in the mouse embryo, includ ing the mesenchyme surrounding most vessels and the myocardium of the heart (Suri et aI., 1996). It does not, however, directly promote the proliferation of endothe lial cells or tube formation in vitro (Davis et aI., 1996). Targeted mutation of the angiopoietin-l gene results in an overall phenotype very similar to that observed in tie-2 mutant mice-basically a vascular network lacking complexity of branching and heterogeneity of vessel size. In addition, these mice exhibit a severe failure in the recruitment of vascular cell wall components. This observation suggests that this receptor-ligand pair is important for both the angiogenic processes that occur after initial embryonic vasculogenesis and subsequent events of vascular maturation (Suri et aI., 1996). Angiopoietin-2 is a second ligand for Tie-2, and in this case it appears to act as an antagonist to Tie-2 function (Maisonpierre et aI., 1997). While angiopoietin-2 binds Tie-2 with an affinity equivalent to angiopoietin-1, it does not activate Tie-2, and so its overall effect is to in hibit angiopoietin-1 signaling. Angiopoietin-2 expres sion in the embryo is detected in the smooth muscle layer underlying the endothelium and also in the dorsal aorta and the major aortic arches. The expression occurs in a punctate pattern that possibly represents either en dothelial cells or endothelium-associated mesenchymal cells. In the adult, angiopoietin-2 is associated with sites of vascular remodeling. In summary, Tie-2 and its lig ands appear to regulate vascular development after en dothelial specification and after establishment of the primitive vascular network.
 
 d. FGF. The fibroblast growth factor family is com posed of mitogens for a broad range of cell types and mediators of many developmental and pathophysiolog ical processes. Of the nine members of the family, FGF1 (aFGF) and FGF-2 (bFGF) are both modifiers of an giogenesis (Fernig and Gallagher, 1994; Friesel and Maciag, 1 995). aFGF secreted by a rat bladder carci noma cell line promotes angiogenesis both in vitro and in vivo (Jouanneau et aI., 1995). In experiments in which capillary or aortic endothelial cells are stimulated with aFGF, the capillary endothelial cells respond by in creased proliferation (D'Amore and Smith, 1993). These same populations of small and large vessel en dothelial cells are stimulated by bFGF. However, de spite the proliferative activity of aFGF and bFGF in vitro, it appears unlikely that these molecules play a sig nificant role in the development of the vascular system in the embryo after the initial specification of endothe lial cells. This interpretation is based on the lack of detectable levels of FGF-receptor transcripts in endo-
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 thelial cells of embryonic tissues (Heuer et ai., 1990; Wanaka et ai., 1991; Peters et ai., 1992). Furthermore, careful analysis of blood vessel growth during brain an giogenesis shows no correlation with the temporal and spatial expression of the FGFs (Emoto et ai., 1989). While it is true that the endothelium of certain large vessels does express FGF-receptors and responds to FGFs in vivo (Lindner et ai., 1 990; Peters et ai., 1992; Liaw and Schwartz, 1993), this might reflect a function in regenerative mechanisms rather than in embryonic vascular morphogenesis.
 
 retina, hypoxia upregulates VEGF levels in astrocytes that migrate into the retina, presumably guiding capil lary growth (Stone et ai., 1995). Angiogenic sprouting from nearby vessels then extends into the retinal tissue. Once the tissue is vascularized and the oxygen need is met, the production of VEGF declines. This upregula tion is probably due to increased transcription of the VEGF gene mediated by hypoxia-inducible factor-l (Liu et ai., 1 995); however, VEGF expression is also modulated by a stabilization of VEGF mRNA (Ikeda et ai., 1995; Semenza, 1996).
 
 e. VEGF VEGF is known to be mitogenic for en dothelial cells and it has been suggested that it may also be chemotactic for endothelial precursors (Breier and Risau, 1996). VEGF is expressed in regions of the em bryo that are undergoing both vasculogenesis and an giogenesis (Breier et ai., 1 992). In general, the VEGF gene is expressed in endodermal or ectodermal tissues, whereas flk-l is expressed in the adjacent mesoderm (Dumont et ai., 1995; Flamme et ai., 1995a; Cleaver et ai., 1997). Together, VEGF and Flk-l are thought to be responsible for both primary vessel formation by vascu logenesis and angiogenic invasion of developing organs. In gene ablation studies, mice which lack a single VEGF allele die on about E 10.5. These mutant mice show gross abnormalities in vascular development, including defects in the in situ differentiation of endothelial cells, sprouting angiogenesis, lumen formation, the formation of large vessels, and the spatial organization of the vas culature (Carmeliet et ai., 1996a; Ferrara et ai., 1996). The extensive defects evident in this heterozygous lethal phenotype are unprecedented for a targeted gene disruption, and this implies that tight regulation of VEGF levels is essential for correct vascular morpho genesis. The role of VEGF in angiogenesis has been exten sively analyzed. In the early quail embryo, VEGF is strongly expressed in the yolk sac and is likely to be re sponsible for promoting extensive sprouting of blood vessels (Flamme et ai., 1995a). In mouse, VEGF is also found in organs, such as the kidney, which are not juxta posed to Flk-I-expressing endothelial cells and which are known to be vascularized by angiogenesis (Dumont et ai., 1995). It is likely, therefore, that VEGF causes blood vessels to grow into the developing kidney from adjacent vascular structures. Analysis of VEGF in the brain reveals that the spatial and temporal expression correlates well with the ingrowth of blood vessel sprouts into the ventricular neurectoderm layer (Breier et ai., 1992; Millauer et ai., 1 993; Breier and Risau, 1996). VEGF has also been shown to be important in hypoxia induced angiogenesis (Shweiki et ai., 1992; Plate et ai., 1992). In experiments using the feline and murine
 
 f PDGF Although the precise role of PDGF and its receptors in vascular development has not been de termined, PDGF appears to be involved in endothelial proliferation and angiogenesis. PDGF occurs as a ho modimer or heterodimer of two isoforms, PDGF-A and PDGF-B (Beck and D' Amore, 1997). While both PDGF-B and PDGF-A have been implicated in vascu lar maturation and vascular wall development, PDGF B is likely to be involved in the autocrine stimulation of endothelial cells and angiogenesis. In the human pla centa, transcripts for PDGF-B and its high-affinity re ceptor, PDGF-f3, are both present in the capillary en dothelial cells, implying an autocrine signaling system (Holmgren et ai., 1991). The endothelium of larger ves sels, however, maintains PDGF-B expression but does not express the PDGF-� receptor, suggesting that a switch from autocrine to paracrine signaling occurs as the endothelium begins to recruit mesenchymal cells into the developing vascular wall. Several other experi ments show that capillary endothelial cells are compe tent to respond to PDGF, presumably due to the pres ence of the PDGF-� receptor. When PDGF-BB is added to dermal wounds or to the chick chorioallantoic membrane, an increase in capillary density can be ob served (Pierce et ai., 1992; Risau et ai., 1 992). In experi ments using bovine aortic endothelial cells, which spon taneously undergo angiogenesis in vitro, PDGF-BB was shown to be necessary for cord and tube formation of these cells (Battegay et ai., 1994). Receptors for PDGF BB were found exclusively on the extending sprouts and forming endothelial tubes but not on the surround ing endothelial cells of the cultured monolayer. Expres sion increased as the cells further organized into tube like structures. Antibodies which blocked the activity of PDGF-BB significantly reduced angiogenic activity, whereas antibodies against PDGF-AA had no effect. Other studies, however, suggest that the role of PDGF on endothelial cells may not always be direct and that PDGF may influence angiogenesis indirectly through the stimulation of other cells. For example, when myofi broblasts and endothelial cells are cultured together in vitro, PDGF stimulates the myofibroblasts to secrete an
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 unspecified endothelial growth factor which then causes vasculogenic aggregation of the endothelial cells into cords (Sato et aI., 1 993). 2. Extracellular Matrix and Cell Adhesion Molecules
 
 In vitro experiments show that extracellular matrix (ECM) can modulate growth and differentiation of en dothelial cells and also influence their migration (Risau and Lemmon, 1988; Ausprunk et aI., 1 991) . All these processes are essential for both vasculogenesis and an giogenesis. Extracellular matrix components, such as the adhesive glycoproteins fibronectin, laminin, and vit ronectin, the collagens type I, II, IV, and V, the proteo glycans, and the glycosaminoglycans, comprise the envi ronment in which angioblasts migrate and organize into the cords which will form the primary vascular plexus. A number of studies have analyzed the distribution of ex tracellular matrix molecules in order to determine the correlation with vascular development (Risau and Lem mon, 1 988; Ausprunk et ai., 1991; Little et aI., 1989; Drake et aI., 1 990). Other in vitro studies have directly assayed the ability of these molecules to stimulate en dothelial cell proliferation, migration, differentiation, or vascular wall cell recruitment. These studies have in cluded two-dimensional assays, three-dimensional col lagen gel assays, and serum-free explant cultures of rat aorta (Bischoff, 1 995; Grant et aI., 1 990). Just as the dy namic changes in the composition of the extracellular matrix are important for endothelial behavior, so are the adhesive receptors that regulate the interactions of endothelial cells with their environment. A summary of observations concerning selected extracellular matrix components and cell adhesion molecules and their in fluence on vascular development is presented later. a. Fibronectin. Vasculogenesis, the assembly of vessels from free angioblasts, takes place in a fibronectin-rich extracellular matrix (Mayer et ai., 1981; Risau and Lemmon, 1988; for review, see Hynes, 1 990). In the chick yolk sac, as neighboring blood islands fuse into the primary vascular plexus, they appear to ap proach each other using fibronectin-rich extensions (Mayer et aI., 1981). As soon as the basic vascular net work is established, fibronectin decreases in the vicinity of developing blood vessels and endothelial cells begin to produce laminin and collagen IV in increasing amounts. This dynamic pattern of expression of extra cellular matrix components occurs during avian blood vessel development in general (Risau and Lemmon, 1 988) and more specifically during the development of the endocardium (Drake et aI., 1990) and the chick chorioallantoic membrane (Ausprunk et aI., 1991). Mice which lack a functional fibronectin gene exhibit severe
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 defects i n blood vessel and heart development, includ ing a failure of the fusion of the two cardiac primordia and in some cases a complete absence of the endo cardium and the dorsal aorta (George et ai., 1993). In addition, the extraembryonic vasculature does not de velop and blood island development is disrupted, with blood cells accumulating in the exocoelomic cavity. These results emphasize the critical role of fibronectin in the proliferative and migratory events in early vascu logenesis and angiogenesis.
 
 b. Collagens. Members of the collagen family of extracellular matrix components appear to possess dif ferent regulatory activities during vascular develop ment. Endothelial tube formation in vitro is associated with the deposition of various collagens, including col lagens type I and III-V (Iruela-Arispe et aI., 1991). When capillary endothelial cells are cultured on inter stitial collagens, such as collagens type I and III, rapid proliferation occurs in all directions (Madri and Williams, 1 983). However, when basement membrane collagens such as collagen type IV are used as the cul ture substrate, endothelial cells aggregate and form highly organized tube-like structures. In similar experi ments, endothelial cells grown in a three-dimensional collagen type I matrix organized into networks of branching and anastomosing tubes (Montesano et aI., 1983). Inhibition of collagen deposition, collagen triple helix formation, or collagen cross-linking has been shown to prevent angiogenesis (Ingber, 1991). Loss of collagen type I a-chain gene function results in the rup ture of blood vessels in the developing embryonic vas culature (Lohler et ai., 1984). It seems likely that other collagen components of the extracellular matrix will play similar roles during embryonic vascular develop ment and during pathological neovascularization. c. Integrins (as/3J and av(33)' Integrins are perhaps the best characterized of the cell adhesion molecules involved in vascular development (Luscinckas and Lawler, 1994; Stromblad and Cheresh, 1996). Integrins generally mediate cell-ECM interactions and occasion ally cell-cell adhesion. They are heterodimers which consist of an a subunit and a noncovalently associated 13 subunit, both of which are integral membrane pro teins. Many different u and 13 subunits exist (15 and 8, respectively), and many of these can associate to form different functional receptors (Baldwin, 1996). Large vessel endothelial cells express uZ l3 b u3 13 1 , u5 13 1 , and uv l33, whereas microvascular endothelial cells express ul l3 1 , u6 13 1 , u6 13 4, and uv 13 5 (Luscinckas and Lawler, 1994). These vascular integrins serve as receptors for collagen, laminin, fibronectin, and thrombospondin.
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 Integrin <XS131 is the receptor for fibronectin, and blocking the function of either subunit results in major defects in early vasculogenesis. Mouse embryos in which integrin <Xs function has been ablated are defec tive in blood vessel and blood island formation (Yang et ai., 1 993). This is a phenotype similar to that observed in fibronectin loss of function experiments. Homozygous mutant embryos exhibit severely disrupted blood vessel formation and blood cells can be found accumulating in the exocoelemic space. Embryos then die on E 10 or 1 1 due to numerous morphological defects. The impor tance of integrin <XS131 is also demonstrated by experi ments in quail embryos, in which blocking the binding of 131 to its ligands with an anti-integrin antibody (CSAT) results in vasculogenic defects, including failure of lumen formation in the dorsal aorta (Drake et ai., 1992). Overall, it appears that loss of integrin <XS13 1 func tion causes vasculogenesis to be arrested after the stage when angioblasts form cords but before they have orga nized into patent tubes. The 133 family of integrins is essential for normal angiogenesis and vascular cell survival. For example, in tegrin <XvI33, which interacts with a wide variety of ex tracellular matrix components, is one of several mem bers of the integrin family that is expressed in endothelial cells and which may be involved in angio genesis and the maintenance of newly formed capillar ies. This receptor complex is observed at the tips of newly formed sprouting blood vessels in human wound granulation tissue but is absent from normal skin (Brooks et ai., 1994a; Clark et ai., 1996). As the vessels mature, <Xv133 expression declines to an undetectable level. During angiogenesis in the chick chorioallantoic membrane, <Xv133 expression levels show a fourfold in crease. When antibodies are used to block the activity of <Xv133 in this assay system, neovascularization is inhib ited, whereas preexisting vessels are unaffected (Brooks et al., 1 994a). In control experiments, antibodies against the related integrin <Xvl3s had no effect. Subsequent ex periments using integrin <Xv133 antagonists showed that apoptosis of proliferative angiogenic endothelial cells occurs when the interaction of <Xv133 with its natural sub strates (such as vitronectin, fibrin, and fibronectin) is disrupted (Brooks et ai., 1 994b).
 
 d. Vascular Endothelial Cadherin. Vascular endo thelial cadherin (VE-cadherin or cadherin-5) mediates calcium-dependent homophilic binding at adherens junctions between cells and is associated with catenins and the actin cytoskeleton (Dejana et ai., 1995; Dejana, 1 996). VE-cadherin is expressed specifically in endothe lial cells and appears to play a role in the formation of interendothelial junctions (Suzuki et ai., 1991; Lampug nani et al., 1992; Breier et ai., 1996). Agents that increase
 
 monolayer permeability (such as thrombin and elas tase) cause a significant decrease in VE-cadherin at cell boundaries, suggesting a specific role in the control of endothelium permeability (Lampugnani et ai., 1992). Expression analysis in mouse embryos reveals VE cadherin gene expression in the endothelial precursor cells of the earliest vascular structures, the blood is lands, and later in the vasculature of all organs exam ined, including the endocardium, the dorsal aorta, the intersomitic vessels, and the brain capillaries (Breier et ai., 1 996). Chinese hamster ovary cells and L292 cells that are transfected with the VE-cadherin gene in vitro are inhibited from proliferating (Caveda et ai., 1996). Gene targeting experiments in which VE-cadherin is disrupted in mouse ES-derived embryoid bodies reveal that endothelial cells remain dispersed and fail to orga nize into vascular structures (Vittet et ai., 1997). To gether, the functional studies and the embryonic ex pression pattern suggest that VE-cadherin plays a role in the early events of vasculogenesis.
 
 D . En d oth e l ial Ce l l M i g rati o n Endothelial cell migration is required during both vasculogenesis and angiogenesis. Many studies have confirmed the migratory ability of angioblasts, espe cially during vasculogenesis type II, which occurs pre ceding the formation of some structures of the primitive vascular plexus (Dieterlen-Lievre, 1 984; Noden, 1988, 1990; Poole and Coffin, 1989; Christ et ai., 1 990; Wilting et ai., 1 995). From experiments using chick-quail chimeras, it is clear that angioblasts originating in trans planted tissue are highly invasive and may migrate quickly over long distances (Noden, 1 989, 1990). These cells invade the surrounding mesenchyme and con tribute to the formation of veins, arteries, and capillar ies surrounding the site of implantation. Individual an gioblasts have the potential to migrate significant distances from their site of origin, and migratory dis tances up to 400 JLm have been observed (Klessinger and Christ, 1996). Regardless of the source of the tissue comprising the transplant, the transplanted endothelial cells become normally integrated into newly forming vessels in adjacent tissues in the host, indicating that regulatory signals responsible for patterning the vascu lature reside within individual embryonic tissues and not in the endothelial cells themselves. Despite the highly invasive character of angioblasts, many studies have demonstrated that they never cross the midline of the embryo (Hahn, 1908; Wilting et al., 1 995; Wilting and Christ, 1996). Using transplantation experiments similar to those of Noden (1989, 1990), Klessinger and Christ (1996) showed that the notochord appears to be the source of signals which create this barrier.
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 The migration of angioblasts is required for normal vasculogenesis and immediately precedes the formation of certain vascular structures in the avian embryo, such as the endocardium, the ventral aortae, and the cardinal and intersomitic veins (Poole and Coffin, 1991). Using the QH1 antibody, angioblasts can be observed to mi grate individually and in groups toward the sites where they will subsequently assemble into a vessel (Poole and Coffin, 1991). As mentioned previously, endocardial an gioblasts migrate from the periphery of the embryo to ward the midline, where the heart will form. Blockage experiments which interrupt this path demonstrate that angioblast migration is critical for endocardial forma tion. Angioblast migration also precedes cardinal vein formation, when clusters of cells migrate mediad, from lateral regions, into the somatopleure, where they will aggregate and organize into vessels along the Wolffian duct (Poole and Coffin, 1 991). Endothelial cell migration is also an important part of angiogenesis. Angiogenic sprouts are generated by mitoses in preexisting endothelial tissue, such as the wall of a blood vessel, and this proliferation is accom panied by extensive migratory activity (Clark and Clark, 1939). Sprouts advance into the interstitium by ameboid migratory activity, and the distal tip of the sprout may invade surrounding tissue or fuse with the endothelium of an adjacent vessel (Wagner, 1 980). For instance, in the chick, endothelial cells of the perineural plexus form capillary sprouts that degrade the per ineural basement membrane, and then they migrate into and invade the neurectoderm (Bar, 1980). Recent studies in the frog, X. laevis, have also dem onstrated the importance of endothelial cell migration in the formation of the primary embryonic vasculature (Cleaver and Krieg, 1998). Using expression of flk-l to mark vascular precursor cells, angioblasts are first de tected in the late neurula stage embryo in distinct por tions of the cephalic region, the lateral plate, and the ventral-most mesoderm. Endothelial cells that will form the cardinal veins lie immediately ventral to the somites on each side of the embryo, but no endothelial cells are present at the position of the future dorsal aorta. At the early tail bud stage, a subset of the lateral endothelial cells actively mi-grates under the somites toward the midline, where they form the dorsal aorta, ventral to the hypochord. The hypochord is a transient structure found in amphibian and fish embryos that lies immedi ately ventral to the notochord (Gibson, 1910; Lofberg and Collazo, 1997). Once the angioblasts have taken up their position under the hypochord, expression of flk-l declines dramatically in both the dorsal aorta and the cardinal veins and these vessels begin to mature. A sim ilar observation of mediad cell migration has been made in zebrafish (Stockard, 1915; AI-Adhami and
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 Kunz, 1977), and, recently, the signals directing this mi gration have been shown to originate in the vicinity of the notochord (Fouquet et al., 1997). It is likely that the dorsal aorta in fish forms by a comparable mechanism involving endothelial cell migration. In contrast to the situation observed in quail and mouse (Poole and Cof fin, 1991; Coffin et aI., 1 991), the dorsal aorta in the frog and zebrafish arises by vasculogenesis type II (migra tion of endothelial cells followed by assembly), whereas the posterior cardinal veins in the frog arise by vasculo genesis type I (in situ assembly without migration).
 
 E. M o l ec u l e s I nvolved i n E n d oth e l ial Ce l l M i g rati o n 1. Flk·l/VEGF In frog embryos, the hypochord is a concentrated source of VEGF expression (Cleaver et aI., 1997). It seems possible that the directed migration of flk-l expressing endothelial cells from the lateral plate meso derm toward the midline of the frog embryo occurs in response to a VEGF signal gradient. This possibility is supported by the observation that the hypochord pri marily expresses the diffusible form of VEGF (0. Cleaver and P. A. Krieg, unpublished results) and that exogenous VEGF can cause aberrant migration and proliferation of endothelial cells in the frog embryo (Cleaver et al., 1997). Furthermore, work in mouse sug gests that Flk-1 has a function in the migration of en dothelial cells. In homozygous flk-l mutant mice, in which the first flk-l exons are replaced by a promoter less {3-galactosidase gene, no mature endothelial or hematopoietic cells are present (Shalaby et aI., 1995). However, expression of {3-galactosidase driven by the flk-l promoter is detected at high levels in the region of the connecting stalk and in an aortic arch. In these mu tant embryos, it is possible that angioblasts cannot mi grate from these sites to the locations where the ele ments of the primary vascular structure would normally differentiate. In support of this hypothesis, experiments using mouse chimeras show that expression of flk-l is required for mesodermal precursor cells to exit the pos terior primitive streak and reach their correct location in the blood islands, where they will develop into en dothelial and hematopoietic progenitors (Shalaby et aI., 1997). Overall, Flk-1 and VEGF signaling appears to be required for endothelial cell migration during early es tablishment of the vascular system. 2. Fibronectin Fibronectin is implicated in endothelial cell motility during vascular development (Noden, 1 991). First, in vitro experiments have demonstrated that fibronectin
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 can stimulate the migration of vascular endothelial cells (Bowersox and Sorgente, 1982; Ungari et ai., 1985; Krug et ai., 1987). Second, when the distribution of fi bronectin is analyzed in the chick embryo or the chick chorioallantoic membrane, it is associated with both mi grating endothelial cells, prior to their coalescence into vessels, and with the early steps of angiogenesis, when capillaries are extending and invading avascular tissue (Risau and Lemmon, 1988; Ausprunk et ai., 1991). Third, application of a pentapeptide (GRGDS), which blocks the fibronectin receptor on endothelial cells, results in significant inhibition of endothelial cell migration both in vivo and in vitro (Christ et ai., 1 990; Nicosia and Bo nanno, 1991). One specific example involves the mediad migration of precardiac mesoderm along a gradient of fibronectin (Linask and Lash, 1986). When fibronectin blocking reagents are applied, or the path of migration is rotated by 1800, the growth of precardiac mesoderm is completely blocked (Linask and Lash, 1988a,b). 3. Integrin avi33 In addition to a role in maintaining, or stabilizing, early vascular structures (discussed previously), integrin <Xv133 is also implicated in endothelial cell migration and in proteolytic modification of the extracellular matrix. Invasive angiogenic cells must degrade the underlying basement membrane to extend new sprouts into adja cent tissues. <Xv133 has been shown to colocalize with the active form of the matrix-degrading enzyme, matrix metalloproteinase-2, in growing blood vessels and the two have been shown to bind specifically to each other in vitro (Brooks et ai., 1 996). In addition, vitronectin has binding sites for both the <Xv133 integrin and the plas minogen activator inhibitor-l (PAl-I). Since these bind ing sites overlap (Stefansson and Lawrence, 1 996), bind ing of PAI-l to vitronectin interferes with binding to its receptor, the <Xv133 integrin. It has been suggested that plasminogen activator may bind to PAl-I, displacing it from vitronectin and therefore inducing cell migration by allowing the receptor-ligand interaction. Additional experiments demonstrate that VEGF can upregulate the expression of <Xv133 integrin and plasminogen activa tor, and that both plasminogen activator and PAI-l are upregulated in migrating endothelial cells (Pepper and Montesano, 1 990; Pepper et al., 1991). These interac tions provide a molecular basis for the coordination of cell migration and matrix degradation.
 
 V I I I . Vascu lar P ru n i ng and Remod e l i ng Once the primary capillary plexus is established in the embryo, it is rapidly remodeled and modified by an giogenesis and matures into the familiar continuum of
 
 larger and smaller blood vessels. One of the processes by which this characteristic architecture is acquired has been called pruning, by analogy to the process of trim ming a tree (Risau, 1997). Pruning was first described in the embryonic retina and involves the removal of excess endothelial cells which form redundant channels (Ash ton, 1966). Blood flow generally ceases in these excess capillaries, the lumens are obliterated, and the endothe lial cells retract toward adjacent capillaries, leaving be hind thin extensions called intercapillary bridges. These endothelial cells do not appear to die by apoptosis (Au gustin et ai., 1 995), but their precise fate is unclear. It has been suggested that they may reassemble into addi tional vessels or simply dedifferentiate and contribute to alternative tissues (Risau, 1 997). One study shows that they may dedifferentiate to become either muscu lar or supportive components of the vascular cell wall (Ashton, 1966). In addition to the trimming of excess endothelial cells, the embryonic vasculature undergoes dynamic changes in morphology, called remodeling (Beck and D'Amore, 1 997; Risau, 1 997). Once the vascular system is mature, it is relatively stable and undergoes angio genic remodeling only in female reproductive tissues, during wound healing, or during pathological processes such as tumor growth. Remodeling is not well under stood, but it is known to involve the growth of new ves sels and the regression of others as well as changes in the diameter of vessel lumens and vascular wall thick ness. Blood flow is known to be a key regulator of ves sel maintenance since unperfused capillaries regress preferentially. Endothelial rearrangements also seem to occur in response to local tissue demands. For example, if a tissue is highly vascularized, and therefore prone to be hyperoxygenized, vessel regression will usually fol low (Ashton, 1 966; Risau, 1997). However, if a tissue is oxygen deprived, it will usually stimulate angiogenic in vasion. Overall, it is likely that only a small number of embryonic blood vessels persist into adulthood (Risau, 1 995), with most capillaries of the embryonic plexus re gressing at some time in development to allow the dif ferentiation of other tissues. Examples include the re gression of capillaries in prechondrogenic regions to allow the differentiation of cartilage (Hallmann et ai., 1987) and the regression of the hyaloid vasculature to allow the development of the vitreous body in the eye, which is necessary for proper vision (Latker and Kuwubara, 1981).
 
 IX. Rem od e l i n g , Patter n i n g , and Matu ration A variety of factors are involved in the maturation of blood vessels and in the dramatic changes that occur af-
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 ter the circulation of blood cells has been established. In many cases the larger vessels, such as arteries or veins, develop from the fusion of capillaries after the forma tion of the primary vascular plexus. Early vessels are generally characterized by the presence of thick and plump endothelial cells with tenuous adherence and in complete basement membrane formation, but this changes as blood flow increases and endothelial cells mature (Wagner, 1980). Anastomoses disappear, capil laries may split by intussusception, the direction of blood flow may reverse many times within a given ves sel, and adherence between endothelial cells increases dramatically (Sabin, 1920; Clark and Clark, 1939; Wag ner, 1980). As vessels mature, a basement membrane forms, gradually thickens, and becomes less heteroge neous (Wolff and Bar, 1 972). Vessels also become shaped by the mechanical forces generated by the cir culation, molding the development of large vessels, such as the vitelline veins and arteries (Murphy and Carlson, 1978; Franke et aI., 1984; reviewed in Resnick and Gim brone, 1 995). It is also known that hemodynamic forces can cause changes in the expression of a number of en dothelial genes, including PDGF, FGF, TGF{3, and tissue factor, and that these forces can also modify endothelial cell adherence (Griendling and Alexander, 1996; Resnick and Gimbrone, 1995). It is important to note, however, that the determination of growth and pattern within the vasculature does not depend solely on blood pressure since growth and elaboration of blood vessels does proceed in the absence of a heart (Chapman, 1918). Overall, it is likely that final maturation of the vasculature requires interaction of endothelial cells with each other, with the extracellular matrix environ ment, and with adjacent mesenchymal support cells, such as pericytes and smooth muscle cells. As the vascular system develops, the initial plexus becomes remodeled into a complex and heterogeneous array of blood vessels, including larger vessels, such as veins and arteries, and smaller vessels, such as venules, arterioles, and capillaries. The endothelia that line these different blood vessels have very different properties (Kumar et at., 1987). For example, the endothelium of large vessels has an important role in controlling vaso constriction and vasodilation and in the regulation of blood pressure. On the other hand, the endothelium of the small vessels plays a critical role in the exchange of gases and nutrients with the tissues (Risau, 1995). Within the small vessels, capillary endothelium is subdi vided into three different phenotypes--continuous, dis continuous, and fenestrated (Bennet et aI., 1 959; Risau, 1995)-and these morphological differences reflect dif ferent permeability requirements of these vessels in dif ferent tissues. Continuous capillaries are composed of
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 endothelial cells which are perforated by the vessel lu men (intraendothelial canalization) and have therefore been called "seamless endothelia" (Wolff and Bar, 1972). The lumen formation has been postulated to re sult from extensive vacuolization and subsequent fusion of vacuoles (Sabin, 1920; Wagner, 1980). Continuous capillaries are found in the central nervous system, the lymph nodes, and muscle. Discontinuous capillaries have clustered pores, each of a diameter of approxi mately 80-200 /-Lm, located at each end of the endothe lial cell. This type of capillary is found in the liver, bone marrow, and spleen. Lastly, fenestrated capillaries ex hibit large pores containing a highly permeable di aphragm and are found in the kidney glomeruli, the choroid plexus, the endocrine glands, and the gastroin testinal tract. Fenestrated capillaries are more perme able to low-molecular-weight hydrophilic molecules and this is consistent with their presence in tissues in volved in secretion, filtration, and absorption (Levick and Smaje, 1987). VEGF, which is also known as vascu lar permeability factor, has been shown to induce in creased permeability and endothelial fenestration in vascular endothelium that is not normally fenestrated (Roberts and Palade, 1995). While the molecular mech anism remains unknown, local signaling is believed to be responsible for imposing these different vascular phenotypes (Risau, 1991). As the vascular endothelium begins to mature, en dothelial cells synthesize multiple extracellular matrix proteins which form a basement membrane. This mem brane lies along the basal surface of endothelial cells throughout the vascular system, forming a sleeve around most blood vessels. Basement membranes are composed primarily of fibronectin, laminin, entactinl nidogen, collagen, and a heparin sulfate proteoglycan (Grant et at., 1990), and this important extracellular ma trix structure is believed to maintain cell polarity and to regulate endothelial cell behaviors such as prolifera tion, adhesion, and differentiation (Grant et aI., 1990). During embryological blood vessel development, it seems likely that extracellular matrix deposition helps to establish the basic patterning of the primary vascular plexus and the formation of the basement membrane is an early indication of blood vessel maturation. In the adult, basement membranes provide stability to blood vessels, which are only modified in the event of injury, cyclical changes in the reproductive system of females, or in response to pathological conditions. For example, when tumor cells metastasize, one of the first steps is the degradation of the endothelial basement membrane and the subsequent invasion of adjacent tissues. Following the morphological changes associated with pruning and remodeling of the vascular plexus, mes-
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 enchymal support cells are recruited to lend mechanical and physiological support to the endothelium. Pericytes are recruited to the capillaries, and the vascular wall forms around larger vessels by the addition of smooth muscle cells and adventitial fibroblasts (Le Lievre and Le Douarin, 1975; Schwartz and Liaw, 1993). Pericytes are cells which exist in close association with the en dothelium of the capillaries, but which cover only a frac tion of their surface (Fig. 5C). Their specific function is unclear, but they may modulate the behavior of en dothelial cells, probably by regulating their permeabil ity (De Oliveira, 1966) and their proliferation (Crocker et al., 1970) and by helping to maintain their integrity (Rhodin, 1968). Pericytes and endothelial cells are the only cell types included in the mature capillaries and postcapillary venules (Orlidge and D'Amore, 1987). The absence of pericytes has been correlated with growth and proliferation of endothelial cells during neovascularization (De Oliveira, 1966), whereas a higher density of pericytes is observed on quiescent capillaries (Tilton et aI., 1985). In vitro experiments have shown that pericytes can inhibit capillary endo thelial cell growth (Orlidge and D' Amore, 1 987) and that this inhibition is mediated by TGF-13 (Antonelli Orlidge et aI., 1989). Upon maturation, larger vessels begin to be sur rounded by cellular and extracellular matrix compo nents which comprise the vascular wall. As the en dothelium matures, it is thought to signal nearby mesenchymal cells to join the growing vascular wall, and then contact with the endothelium causes these cells to differentiate. Much like the capillaries, which re cruit pericytes, the larger vessels recruit a different type of vascular supportive cell, the smooth muscle cell (SMC), which is essential for the physiological proper ties of these vessels. Early SMCs express smooth muscle a-actin (Gabbiani et aI., 1981; Owens and Thompson, 1 986), and later they express additional differentiation genes, such as SM22 and calponin (Duband et aI., 1993). The final result of the growth, differentiation, and maturation of the vascular endothelium is a network of highly specialized blood vessels. The major vessels, ar teries, and veins are surrounded by a sheath of suppor tive cells, called the vascular wall, that maintains the in tegrity of the endothelium and contains the high blood pressure (Fig. 5). Three main layers have been identified in the major blood vessels (Rhodin, 1980). The tunica intima is the innermost layer and is composed of the en dothelium (which lines the lumen of the blood vessel) the basement membrane, and the internal elastic tissue. The tunica media surrounds the tunica intima. This layer is often very thick and is composed mostly of SMCs with some elastic tissue. The tunica media is al-
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 ready rather well formed in the fetus and does not sig nificantly change into adulthood. Lastly, the tunica ad ventitia surrounds the inner layers with fibrous connec tive tissue, elastic tissue, and mesenchymal cells. The composition of the vascular wall is specific for different types of blood vessels. Arteries, which experience very high pressure, are surrounded by a very thick smooth muscle cell layer (Fig. 5B). Veins, in contrast, which con duct blood under much lower pressure, have much less smooth muscle and elastic tissue in their vascular walls; therefore, they can stretch considerably, becoming a temporary reservoir of blood (Fig. SA).
 
 A. M o l e c u l e s I nvo lve d i n Ve s s e l M at u rat i o n a n d Patte r n i ng 1. PDGF In addition to playing a role in angiogenesis, PDGF is important for the recruitment of vascular wall com ponents (Beck and D'Amore, 1997). A number of stud ies of mouse and human tissues show that PDGF-B is expressed in the endothelial cells of large vessels, whereas its receptor, PDGF-I3, is found in adjacent mes enchyme (Holmgren et aI., 1991; Shinbrot et aI., 1994). This observation strongly implies that the endothelium secretes PDGF to recruit and stimulate the prolifera tion of mesenchymal cells in the immediate vicinity. In smaller vessels, both PDGF and its receptor are coex pressed in capillary endothelial cells, suggesting that an autocrine stimulatory pathway may promote cell prolif eration. Experiments involving the targeted mutation of the PDGF-B and PDGF-f3 genes generally support a role for this signaling system in vascular wall cell re cruitment (Leveen et aI., 1994; Soriano, 1994). Mice mu tant for either gene display a range of anatomical and histological abnormalities, including an absence of cap illary tufts in the renal glomerulus and dilation of the heart and blood vessels. Mutant mice die at about the time of birth from fatal hemorrhages. The timing of the hemorrhages approximately correlates with the in crease in embryonic blood pressure. The kidney defect is attributed to a lack of mesangial cells, which bear many structural and functional similarities to capillary pericytes, and the hemorrhages and vessel dilation are attributed to a lack of pericytes throughout the capillary network (Beck and D' Amore, 1997). Additional work suggests that PDGF-BB secreted from endothelial cells does indeed chemotactically recruit and stimulate pro liferation of SMCs (Beck and D ' Amore, 1 997). While PDGF-B has been implicated in the matura tion of the microvasculature, PDGF-A is likely to be in volved in the maturation of larger vessels. In support of this possibility, in vitro experiments have shown that
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 Fig 5 Schematic drawing of the mesenchymal derivatives associated with the major structures of the circulatory sys tem. (A) Vascular wall components of the veins, including the endothelial tunica intima, the smooth muscle tunica media, and the extracellular matrix tunica adventitia. (B) Vascular wall components of the arteries, including the same vascular wall lay ers as those of the veins. Arteries, however, have a much thicker tunica media. (C) The capillary network consists almost ex clusively of an endothelial layer. Pericytes associate with the capillaries covering only a small fraction of their surface area.
 
 PDGF-AA is a better mitogen for smooth muscle cells than for pericytes (D'Amore and Smith, 1993). In addi tion, mutation of the PDGF-a receptor in the Patch mouse results in abnormalities in cardiovascular devel opment, involving a significant reduction of layers of smooth muscle cells surrounding the endothelium (Schatteman et at., 1995). 2. TGF-f3 Contact between endothelial cells and SMCs or pericytes leads to the activation of TGF-f3 expression
 
 (Antonelli-Orlidge et at., 1989). TGF-[3 in turn causes a number of effects, including the inhibition of prolifera tion and migration of endothelial cells (Orlidge and D'Amore, 1 987; Sato and Rifkin, 1989), the induction of SMC and pericyte differentiation (Rohovsky et at., 1996), and the stimulation of extracellular matrix depo sition (Basson et ai., 1992). Overall, these events signal the differentiation and maturation of the developing blood vessels. When the function of TGF-[3 is disrupted in mice, 50% of homozygous mutant mice and 25% of heterozygous mice show defects in both vasculogenesis
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 and hematopoiesis (Dickson et a!., 1 995). Endothelial proliferation, however, is not affected in these mutant mice, suggesting that the primary vascular defect lies in the terminal differentiation of the endothelium rather than in the initial differentiation. Similar defects are ob served in mice lacking the TGF-13 receptor type II (Os hima et a!., 1 996), offering further evidence for a role of the TGF-13 signaling pathway during maturation of the primary vascular structure into the fully developed blood vessel. 3. Tie-2, Angiopoietin-1, and Angiopoietin-2 As described previously, Tie-2 is a receptor tyrosine kinase expressed in the vascular endothelium. In addi tion to being important in the early events of vasculo genesis and angiogenesis (Dumont et a!., 1994), it is also required for vascular remodeling (Sato et at., 1995). Tar geted mutation of the tie-2 gene results in a disorga nized vasculature and the absence of angiogenic sprout ing into the neurectoderm. Furthermore, there is little distinction between the large and small blood vessels in both the head region and the yolk sac (Sato et a!., 1995). The ligands for Tie-2 are angiopoietin-1 (Davis et a!., 1996) and angiopoietin-2 (Maisonpierre et a!., 1997). Mice lacking angiopoietin-1 function have defects very similar to those of mice lacking the function of the Tie2 receptor (Suri et aI., 1 996). Endothelial cells in mutant embryos are also poorly associated with smooth mu scle cells or pericytes, which are present in reduced numbers. These endothelial cells are abnormally rounded and collagen-like fibers are disorganized, indi cating that these endothelial cells have not acquired polarity and are not differentiated. Therefore, Tie-2 and angiopoietin-1 appear to act as key regulators of the formation of the vascular wall and of endo thelial-matrix interactions in addition to playing a role in remodeling. Angiopoietin-2 is an antagonist to angiopoietin-1 and Tie-2 (Maisonpierre et aI., 1 997). Analysis of angiopoietin-2 expression indicates that it is present only at sites of vascular remodeling, such as the dorsal aorta and the aortic branches, and its expression pattern is quite distinct from that of angiopoietin-l. In the adult, expression of angiopoietin-2 is high in the ovary, placenta, and uterus, tissues which normally un dergo remodeling in the adult. When angiopoietin-2 is overexpressed in the blood vessels of transgenic mice, the resulting defects in the vasculature closely resem bled those of Tie-2 or angiopoietin-1-deficient embryos. Recently, a missense mutation has been mapped to the kinase domain of the tie-2 gene in two unrelated human families in which affected members suffer from inherited venous malformations (Vikkula et aI., 1 996). These affected individuals develop vein-like structures that are deficient in components of the vascular wall,
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 especially SMCs. The identified mutation is most likely an activating mutation because overexpres sion studies using insect cells have demonstrated that this mutant form of the receptor has increased activity, showing up to 10 times higher autophosphory lation activity. A model has been developed which proposes a role for a number of these molecules in the matura tion of blood vessels (Folkman and D' Amore, 1996). In this model (Fig. 6), mesenchymal cells produce angiopoietin-1, which activates the Tie-2 receptor on nearby endothelial cells. In response to the Tie-2 activa tion, the endothelial cells release a PDGF signal (Fig. 6A), which acts to recruit nearby mesenchymal cells (Fig. 6B). In the case of pericytes, this signal is PDGF BB, and in the case of SMCs, the signal is PDGF-AA or heparin-binding epidermal growth factor. Once the mesenchymal cells have contacted the endothelium, TGF-13 is activated. The presence ofTGF-13 serves to re duce the proliferation of both endothelial and vascular wall cells, to induce their differentiation, and to stimu late extracellular matrix deposition (Fig. 6C). 4. Tie-1
 
 Tie-1 is a receptor tyrosine kinase that is closely re lated to Tie-2. Like Tie-2, Tie-1 is important for both the survival and the integrity of endothelial cells following their differentiation (Puri et aI., 1995; Sato et at., 1995). Expression of tie-l in the embryo is specific to endothe lial cells and their precursors and is detected in both proliferative and quiescent endothelial cells (Korhonen et aI., 1 994; Partanen et aI., 1992; Iwama et at., 1 993; Hatva et aI., 1 995). Unlike Flk-1 , but like other en dothelial tyrosine kinase receptors, Tie-1 can be de tected in most nonproliferating adult endothelial cells. Mouse embryos homozygous for a disrupted tie-l gene are phenotypically indistinguishable from their het erozygous littermates until about E 13. 0, when the mu tant mice begin to die as a result of multiple vascular defects (Puri et at., 1995; Sato et aI., 1995). Mutant em bryos show edema and localized hemorrhaging and pre sumably die due to loss of the integrity of the microvas culature. Thus, Tie-1 is not necessary for the early steps of endothelial cell differentiation or subsequent vascu logenesis, but it appears to be required for later aspects of endothelial cell survival, maintenance, or prolifera tion. 5. Extracellnlar Matrix Molecules
 
 In addition to a role in vasculogenesis, angiogenesis, and endothelial cell migration, in vitro studies suggest that the extracellular matrix also influences the differ entiation of endothelial cells (Kubota et aI., 1988). For
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 Fig u re 6 Model for the recruitment of the cellular vascular wall components. Angiopoietin-1 is secreted by mesenchymal cells and binds to the Tie-2 receptor located on the endothelial cells. This re ceptor activation triggers the release of factors from the endothelium that cause a chemotactic attraction of mesenchymal cells. These fac tors may include PDGF-AA or HB-EGF for the recruitment of large vessel vascular wall components, such as smooth muscle cells, or PDGF-BB for the recruitment of pericytes to the capillaries. When these mesenchymal cells contact the endothelium, TGF-[3 is activated and causes vessel maturation (adapted from Folkman and D'Amore, 1996).
 
 example, a clear correlation between dynamic changes in extracellular matrix composition and endothelial cell maturation has been established. As described previ ously, the accumulation of fibronectin around endothe lial cells is associated with their proliferation and mi gration. However, in both the chick embryo and the chick chorioallantoic membrane, as endothelial cells be gin to mature levels of fibronectin gradually decrease, whereas there is a corresponding increase in the levels of surrounding laminin and type IV collagen (Risau and Lemmon, 1988; Ausprunk et at., 1991). Fibronectin thus appears to be associated with the early steps of en dothelial development, whereas laminin may be an
 
 early marker for vascular maturation (Risau, 1991). This is supported by observations of the extracellular matrix of the chick chorioallantoic membrane, where laminin appears in the walls of blood vessels 2 days later than fi bronectin and then gradually increases in concentration with time. Unlike fibronectin, which is more widely dis tributed, laminin is confined to the basal lamina of the chorioallantoic membrane which is characteristic of dif ferentiated vessels (Ausprunk et at., 1991). Laminin has also been shown to promote the differentiation of cap illary and venous endothelial cells in vitro, to inhibit en dothelial cell proliferation (Kubota et at., 1988), and to maintain the contractile activity of cultured SMCs (Hedin et at., 1988). In separate studies, however, laminin has also been associated with endothelial pro liferation and migration (Form et at., 1986) and so its precise role during vascular maturation remains uncer tain. An extracellular component that appears even later in the chorioallantoic membrane basal lamina is collagen IV (Ausprunk et at., 1991). Cultured aortic en dothelial cells are more adhesive to a substrate com posed of collagen IV than one composed of laminin, and it has been suggested that it might stabilize vessel walls during vessel maturation (Herbst et at., 1988; Aus prunk et at., 1991). Appearance of collagen IV is corre lated with lumen formation and differentiation of en dothelial cells (Form et at., 1986). 6. Coagulation Factors
 
 a. Tissue Factor. Tissue factor (TF) is a cytokine re ceptor with high affinity for the plasma factor VIIIVIIa. It is also the primary initiator of blood coagulation and plays a key role in hemostasis (Mackman, 1995). Im munohistochemical localization of the TF protein re veals its presence in the tunica adventitia of major blood vessels and in the epidermal and mucosal cells of the body surface. Inactivation of the tissue factor gene in mice results in embryonic lethality between E 9.5 and 10.5 due to defective circulation from the yolk sac to the embryo, leading to wasting and necrosis (Carmeliet et at., 1996b; Bugge et at., 1996). The most obvious ab normality in these mutant embryos is the presence of an irregular capillary plexus which replaces the large vitelline vessels, suggesting a defect in vasculogenic pat terning. However, these capillaries are enlarged and fused, implying an additional defect in remodeling. This disorganized plexus may result from a lack of proper contacts between the endodermal and mesodermal tis sue layers and consequently, in the inductive signals be tween the two tissue layers. In addition, examination of these vessels reveals the absence of smooth muscle a actin-expressing vascular wall cells in proximity to the endothelium. These mesenchymal cells are thought to
 
 1 4 M o l e c u lar M e c h a n i s m s of Vas c u lar Deve l o p m e n t be the precursors of pericytes and SMCs which support and maintain integrity of the endothelium. This obser vation may explain why the onset of compromised vas cular development occurs at the time vessels acquire a smooth muscle lining and undergo the stress of blood pressure. Thus, in addition to the defects in early vascu lar development, these embryos also show a defect in the recruitment of vascular wall cells and in proper mat uration.
 
 b. Factor V. Coagulation factor V, which is an es sential cofactor for the formation of blood clots, is also involved in vascular development. Targeted mutation of the factor V gene results in the death of approximately half of the homozygous embryos at E 9 or 10 due to de fects in the development of the yolk sac vasculature (Cui et at., 1996). The yolk sacs of these embryos are strikingly abnormal and contain a large vascular plexus filled with blood. Littermates which survive until birth soon die as the result of massive hemorrhages. These phenotypes are in contrast to the milder effects ob served in human factor V deficiencies (Tracy and Mann, 1987), in afibrinogenemic humans (Bi et at., 1995), and in mice mutant in the fibrinogen gene (Suh et at., 1995). However, the phenotype of the factor V deficiency does resemble that of mice lacking the thrombin receptor gene (Connolly et at., 1 996), in which half of the ho mozygous mutant mice die at E 9.0 or 10 due to similar vascular abnormalities. The authors suggest that factor V may be required for the generation of the thrombin receptor and that some signal transduced through the thrombin receptor is necessary for early vascular devel opment (Cui et at., 1996).
 
 B. Add it i o n a l G e n e s I m p l icated i n Vas c u l a r Deve l o p m e n t Many of the genes reviewed so far have proven to be excellent markers for vascular endothelium and their roles in vascular development has been examined and characterized. However, there remain a large number of genes whose expression patterns imply a role in en dothelial cell behavior, but about which we have very little functional data. For example, ACE and von Wille brand factor were among the first markers used to study endothelial development, but their roles during early vascular formation are not clear (Ryan et at., 1976; Ewenstein et at., 1987). In addition, PECAM and VCAM, which are cell adhesion molecules, have also been used as vascular markers. PECAM is first ex pressed by angioblasts immediately following their dif-
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 ferentiation from the mesoderm and continues to be abundant in both capillary and large vessel endothelium (Newman et at., 1990; Baldwin et at., 1994; Vecchi et at., 1994). VCAM induces angiogenesis in vivo and migra tion of human endothelial cells in vitro (Koch et at., 1995), and it is also involved in normal vascular devel opment since targeted mutation results in failure of pla cental development and a failure of the subepicardial vascular development (Kwee et at., 1995). The G pro tein-coupled receptor, X-msr, is a marker of vascular endothelial precursor cells in the frog embryo (Devic et at., 1996). X-msr is related to angiotensin receptor II and it is expressed in most large and small vessels dur ing embryonic development.
 
 C . Tra n s c r i pt i o n Factors Ex p re s s e d i n t h e E n d oth e l i u m Little is known about the transcription factors that control the development of the embryonic endothe lium. However, homeobox genes are known to be criti cal for the development of many specific organs, and Newman et at. ( 1997) have shown that the Xenopus homeobox gene XHex is expressed in vascular en dothelial cells long before their organization into the primary vascular plexus. Expression of XHex begins shortly after the onset of fik-l expression, raising the possibility that it lies downstream of the Flk-1NEGF signaling pathway. XHex may play a role in regulating proliferation of angioblasts since overexpression of XHex results in abnormal vascular structures due to an increase in the number of vascular endothelial cells (Newman et al., 1997). Another transcription factor which is expressed in endothelium is c-ets-l. Originally described as an oncogene, studies in the avian embryo have subsequently shown that it is expressed at high levels in the angioblasts of the blood islands, in the splanchnopleuric mesoderm during vasculogenesis, and later in the intraembryonic endothelial cells (Par danaud and Dieterlen-Lievre, 1993). c-ets-1 may also be involved in extracellular matrix degradation because consensus binding motifs are present in the promoter regions of certain metalloproteinases (Pepper and Montesano, 1990). Finally, the transcription factor SCLITAL-1, mentioned previously, is a very early marker of the endothelial cell lineage in the embryo (Drake et at., 1997) and is also present in hematopoietic precursor cells. The role of SCLITAL-1 in vascular de velopment is unclear, however, since mouse gene abla tion studies have shown no evidence for vascular de fects in homozygous mutant animals (Porcher et aI., 1996).
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 IV N o rmal a n d Ab n o rm al M o r p h og e n e s i s
 
 X. Con c l u s ion The characterization of a diverse range of molecules that play a role in the regulation of endothelial cell specification, proliferation, migration, and differentia tion has significantly improved our understanding of vascular development. However, many questions re main to be answered at the molecular level. How and when do mesodermal cells become fated to develop into angioblasts? What are the inductive interactions between mesoderm and endoderm which specify an gioblast commitment? Are there different populations of angioblasts destined to become different parts of the vascular system or is angioblast fate plastic, depending on environmental cues? If so, what are these environ mental cues? What subtle orchestration of extracellular matrix, cell-cell adhesion, and growth factor signals is necessary for endothelial proliferation and maturation in vivo? What controls the remodeling of embryonic blood vessels to form the complex array of arteries, veins, and capillaries in the mature organism? Perhaps most important, what are the fundamental molecular mechanisms regulating vasculogenesis and angiogene sis? Clearly, our knowledge of the mechanisms underly ing vascular development is still in its early stages. How ever, the application of molecular techniques is likely to result in rapid progress in understanding this critical embryological process. Significantly, the lessons learned from the study of embryonic vascular development in model organisms are likely to be directly applicable to understanding the vascular development associated with a wide range of human pathologies.
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 DNA Binding Domain
 
 H i g h l y Variable Reg i o n
 
 Fig u re 2 Structural features of the TEF-1 family. (a) Alignment of TEA domains from the prototypic members of the class: yeast TEC1, Aspergillus nidulans AbaA, human NTEF-1, and drosophila Scalloped (Campbell et aI., 1992; Laloux et al., 1990; Mirabito et aI., 1989; Xiao et aI., 1991 ). Residues that are shared by all are shown in black and gray shading indicates where the chemical nature of residues is conserved in three or more proteins. A consensus sequence is shown above the alignment, where the consensus residue is that found in all proteins. (b) TEF-1 structural domains. Diagramatic representation showing the overall structure of the TEF-1 family of transcription factors (not drawn to scale). The N terminus of the protein (gray) is highly variable and may contain part of a multipartite transcriptional activating function. The TEA domain is a highly conserved domain that contains the DNA-binding function of the protein (black). This domain is followed by a highly variable domain, including a proline-rich domain (cross-hatched) that may be another part of the multi partite activating domain. The C terminus of the protein is also well conserved and contains a serine-, threonine-, and tyrosine-rich domain (striped) that may be an additional part of the multipartite activating domain.
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 V G e n e t i c Co n t ro l o f M u s c l e G e n e Ex p re s s i o n
 
 Table I I I Systematic Nomenclature of Vertebrate TEF- l Fam i ly Members General name
 
 NTEF-1
 
 RTEF-1
 
 DTEF-1
 
 Chicken
 
 cRTEF-la hTEF_3c, d
 
 cDTEF-la
 
 Human
 
 cNTEF-la hTEF-l h
 
 Mouse
 
 MTEF-1e
 
 mTEF-3c FR-19f TEFR-1 h
 
 ETEF-1
 
 hTEF-5c
 
 hTEF-4c
 
 mTEF-S"'
 
 mTEF-5c ETFg
 
 a
 
 Azakie et aL (1996), b Xiao et aL (1991), cJacquemin et aL (1996), d Stewart et aL (1996), eBlatt and DePamphilis (1993) and Shimizu et aL (1993). fHsu et al. (1996). gYasunami et aL (1995). h Yockey et aL (1996).
 
 Four members of the TEF-1 family have been de scribed to date, though it appears likely that there are more. They are all well conserved at the amino acid level throughout most of the length of the protein and in particular in the DNA-binding domain, the TEA do main. Individual members of the family are also well conserved through evolution (Figs 3-6). All members of the family have distinct spatiotemporal expression pat terns and none so far is ubiquitiously expressed. Two family members, NTEF-1 and RTEF-1, are skeletal muscle-enriched and absent from several other tissues, DTEF-1 is enriched in cardiac muscle and likewise ab sent from certain tissues, and ETEF-1 has a clearly de fined spatiotemporal pattern of expression mostly con fined to embryonic neural tissues (Table IV; Azakie et aI., 1996; Yasunami et aI., 1 995).
 
 A. NTEF- l The first cloned member of the family is now called NTEF-l . Originally cloned from HeLa cells (Xiao et aI., 1991), NTEF-1 was subsequently cloned from mouse, chick, and rat (Shimizu et aI., 1993; Blatt and DePamphilis, 1 993; Chen et aI., 1994; Azakie et aI., 1 996; P. Simpson, personal communication; Fig. 3). Avian NTEF-1 is 96.5% identical to human NTEF-1 , Table IV
 
 and mouse and human NTEF-1 are 99% identical at the amino acid level (Xiao et aI., 1991; Blatt and DePamphilis, 1 993; Azakie et aI., 1 996; plus exon VTSM: Shimizu et aI., 1993). Such a high level of conservation may indicate a conservation of important function. Northern blots of NTEF-i transcripts indicate that NTEF-1 is expressed in HeLa and F9 embryonic ter atoma cell lines but absent in lymphoid-derived cell lines (Xiao et aI., 1991). In tissue blots human NTEF-1 is found to be enriched in skeletal muscle, found at lower levels in pancreas, placenta, and heart and at trace levels in brain, and is undetectable in liver, lung, and kidney (Stewart, et aI., 1 996). Two reports of Northern blots for mouse NTEF-1 differ substantially with re spect to the level found in heart, lung, and brain, but en richment in skeletal muscle and kidney is reported in both (Blatt and DePamphilis, 1993; Shimizu et aI., 1993). in situ hybridization in Embryonic (E) Day 8.5-9.5 mouse embryos shows widespread expression of NTEF1 but, by E 10.5, preferential expression in discrete tis sues, including the mitotic layer of the neuroepithelium, and in the developing myocardium. By E 15.5 NTEF-1 expression persists in these tissues but is also found in skeletal muscle anlagen and subsequently in a range of other tissues (Jacquemin et aI., 1 996). This pattern, as well as the finding that MCAT-binding activity is de tected as early as the two-cell embryo stage (Melin et aI., 1 993), may suggest multiphasic functions for NTEF1 , as well as for the other TEF-1 family members, in em bryogenesis and organogenesis. Several alternatively spliced cDNA isoforms of NTEF-1 have been described in human and mouse (Shimizu et at., 1993; Xiao et aI., 1991); however, the function of these alternative spliced regions is not yet known. Many alternatively spliced forms of NTEF-1 have been found in rat tissues, with widely differing transactivational potentials and differential tissue dis tribution (P. Simpson, personal communication). It is not known if these isoforms will be found in other or ganisms and they have not been described in the other rodent model (mouse), in which evolutionary relation ship suggests they should exist. To date, NTEF-1 is the only member of the TEF-i gene family that has been inactivated in the genome.
 
 Tissue Distributions of TEF- l Fam i ly M e m bers TEF-1 iso-mRNAs and tissues
 
 Name
 
 Cardiac muscle
 
 Skeletal muscle
 
 Smooth muscle
 
 RTEF-J
 
 +++
 
 +++
 
 +
 
 D TEF-J
 
 +++
 
 +
 
 ++
 
 NTEF-J
 
 +
 
 ++
 
 +
 
 Brain
 
 Lung
 
 Liver
 
 Kidney
 
 + ++ +
 
 +
 
 + +
 
 +
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 Figure 3 Alignment of known NTEF-1 proteins. NTEF-1 proteins are shown from human, mouse, and chick (Blatt and DePamphilis, 1993; Shimizu et aI., 1993; Stewart et aI., 1996; Xiao et aI., 1991). Residues that are shared by two or more proteins are shown in black. A con sensus sequence for NTEF-1 is shown above the alignment, where the consensus residue is shared by at least 75% (three or more) of the pro teins; otherwise a period is shown. The alignment was produced using the MegAlign program of the DNASTAR package.
 
 The NTEF-1 knockout was identifed in a screen for de velopmentally regulated genes using an insertional mu tagenesis approach called promoter trapping (Friedrich, 1991). A promoterless (3Gal/Neo construct, inserted into the genome of embryonic stem (ES) cells at ran dom, may be activated by an upstream active promoter and therefore selected by neomycin resistance. Thus, a locus active in early deyelpment is marked but inactived by the insertion. Expression patterns of the endogenous gene promoter can be tracked by (3Gal staining and the function of the gene inferred, at least in part, by the phenotype of the homozygous null mice. NTEF-1 insertional mutant heterozygotes express LacZ in early preimplantation cleavage-stage embryos (consistent with reports that TEF-1 is active in two-cell mouse embryos; Melin et at., 1993) and at all stages of development tested through to adulthood. Staining het erozygotes at E 12 is ubiquitous. Adult heterozygotes express LacZ at relatively high levels in kidney, lung, uterus, heart, and skeletal muscle and at lower levels in other tissues, including brain, liver, thymus, and spleen. Neither lymphocytes nor whole blood expressed the marker gene, consistent with the inactivity of TEF-1dependent enhancers in lymphoid cells (Davidson et al.,
 
 1 986; Fromental, et at., 1 988; Ondek et at., 1 987, 1 988; Zenke et at., 1 986). Despite the expression of NTEF-1 in preimplanta tion embryos, NTEF-1 homozygous null mice survive early development and are overtly normal until E 9.5. However, homozygous null mice die between E 1 0.5 and 1 1 .5 apparently from cardiac insufficiency. The primitive cardiac tubes form and fuse normally but late cardiac maturation appears to be impaired, leading to a thin ventricular wall and reduced trabeculation, a slowed and weakened heartbeat, edema, and eventually necrosis and resorbtion. Since many cardiac-specific sarcomeric structural genes are regulated by TEF-1 binding sites, it was hypothesized that this impairment was directly due to a deficiency in the expression of these TEF-J target genes. However, the protein prod ucts of the TEF-1 target genes, cTn T, and cTnI, and car diac myosins, as well as cTnC mRNA, were examined and found to be present at normal levels. Thus, NTEF-1 is not absolutely required for early development or for further activation of early cardiac structural genes. NTEF-1 , however, may be required for late events in cardiogenesis. This observation begged the question of redundancy with other members of the TEF-1 family.
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 Transcripts for other members of the family are to be found in heart, and still others may be described that are also expressed very early in development and that are responsible for early TEF-1 functions in the whole organism and in early heart and skeletal muscle organo genesis.
 
 B . RTEF- l RTEF-1, the second member of the TEF-1 family to be identified, was originally cloned from avian muscle in the search for an MCAT binding factor that is responsi ble for the activity of the cTn T promoter (Farrance et al., 1992; Mar and Ordahl, 1 990; Stewart et al., 1 994) and has now been cloned from multiple organisms (Stewart et at., 1 994, 1996; Frigerio et al., 1 995; Hsu et al., 1 996; Yockey et al., 1 996; Fig. 4). There is 89% conservation between RTEF-1 cloned from avian cells and that later isolated from human cells (Stewart et aI., 1 994, 1 996). RTEF-1 proteins in both chick and mouse appear to be responsible for muscle-specific gel-shifted species gen erated on MCAT elements, although in neither species is the protein strictly muscle-specific (Farrance and Or dahl, 1 996; Yockey et al., 1 996). Two cDNA clones named TEFR-la and -b (most likely splice isoforms), which were cloned as the MCAT binding factor responsible for muscle specificity of the (3MHC promoter, are thought to be murine RTEF-1 ho mologs (Yockey et aI., 1 996). Identical cDNAs named FR-19A and -B were almost simultaneously cloned as a delayed early response gene for fibroblast growth fac tor-1 (FGF-1; acidic FGF) in murine fibroblasts (Hsu et aI., 1 996). These murine family members ( TEFR-la, and -b and FR-19A and -B) and a later mouse clone de rived by PCR cloning (m TEF-3; Jacquemin et al., 1996) are more similar to chick RTEF-1 than any other cloned TEF-1 family member and group with them in phyloge netic trees derived by parsimonious methods (Stewart, et at., 1 996). Strangely, however, all these clones have five changes in the TEA domain relative to NTEF-1 (Hsu et al., 1 996; Jacquemin et aI., 1 996; Yockey et al., 1 996). Neither human nor avian RTEF-1 have changes in the TEA domain relative to NTEF-1 (Stewart et al., 1 994, 1 996). It seems surprising that rodent RTEF-1 should differ so markedly from human RTEF-1 when avian is relatively better conserved in the TEA domain, and it is possible that a more closely related RTEF-1 form remains to be found in rodents, perhaps a splice variant of those cloned to date. The changes in the TEA domain may have implica tions for binding site selectivity. The TEA domain in the drosophila scalloped TEA domain protein has only a single substitution in its TEA domain relative to hu man NTEF-1 (Fig. 7B) and this substitution has im-
 
 portant consequences for sequence-specific DNA bind ing (Hwang et al., 1993). Both RTEF-1 variants noted previously have been shown to be able to bind MCAT sites (Farrance and Ordahl, 1 996; Stewart et al., 1994; Yockey et aI., 1 996); but so far there has been no sys tematic attempt to compare their affinity for a range of MCAT sites of differing core and flanking sequence. In terestingly, unlike NTEF-1 , RTEF-1 with or without the five-amino acid changes does not exhibit cooperative binding to tandemly repeated GTIIC elements, which may in part explain the divergence between the cooper ative binding observed on multimerized c TnT-derived MCAT elements vs GTIIC elements using muscle and HeLa nuclear extracts, respectively (Davidson et al., 1 988; Fromental, et aI., 1 988; Jacquemin et aI., 1996; S. B. Larkin, unpublished observation). Chick RTEF-l transcripts in adult and late embry onic tissues are enriched in both skeletal and cardiac muscle and found at successively lower levels in gizzard (a smooth muscle-enriched tissue), liver, and brain (Stewart et aI., 1 994). This differential mRNA abun dance corresponds to the levels of MCAT-binding proteins detected by gel shift and southwestern blot (Farrance et al., 1 992). RTEF-l transcripts in adult hu man tissues are enriched in skeletal muscle and pan creas and at lower levels in heart, placenta, and kidney, and these transcripts are undetectable in brain, liver, and lung (Stewart, et aI., 1 996). RTEF-l transcripts in adult mouse tissues show enrichment in lung followed by skeletal muscle and heart, kidney and skin (Hsu et al., 1 996; Yockey et aI., 1 996). RTEF-1 , like NTEF-1 , is found throughout the early mouse embryo (E 7.5-8.5) but at later stages (E 9.5-12.5) is found only in skeletal muscle precursors (Jacquemin et at., 1 996). The transcripts are found from E 9.5 in the somitic myotome in the craniocaudal pro gression that marks the determined skeletal muscle lin eage (Jacque min et aI., 1996; Yockey et aI., 1 996). The RTEF-1 clones from mouse and chick both exist as multiple alternatively spliced isoforms, including the curious splicing seen by Yockey et al. in which both the 5' and 3' ends of the TEFR-1a and -lb clones differ markedly (Hsu et at., 1996; Stewart et aI., 1 994; Yockey et aI., 1 996). Splicing variants in the coding region of chick and mouse RTEF-1 modify the region just down stream of the TEA domain (immediately following the amino acid residues KLK), however, the exons found in these positions differ. This splicing of RTEF-1 appears to have implications for the transactivational potential of the chick and mouse isoforms (Stewart et aI., 1994; Yockey et aI., 1 996). In the chick RTEF-l cDNAs, the additional exon may confer an activation function, whereas in mouse the effect of the additional exon is dependent on the protein context, resulting in opposite effects in different deletion mutants.
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 Fig u re 4 Alignment of all known RTEF-1 proteins. RTEF-1 proteins, and isoforms thereof, are shown from human, mouse and chick (Hsu
 
 el
 
 aI., 1996; Jacquemin et aI., 1996; Stewart el al., 1994, 1 996; Yockey el at., 1996). Residues that are shared by the majority (five or more) of the proteins are shown in black. A consensus sequence for RTEF-l is shown above the alignment, where the consensus residue is that shared by 75% (eight or more) of the proteins; otherwise, a period is shown.
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 31 6 C. DTEF- l DTEF-1 was also cloned first from chicken, and re cently a homolog has been reported in mouse (Azakie et at., 1996; Yasunami et at., 1996; Fig. 5). The chick cDNA was isolated in a search for TEF-1-related family members that might contribute to TEF-1 activity in heart, and in fact in chick DTEF-1 shows a high level of expression in the heart and not in skeletal muscle. It is also found in several other nonmuscle tissues (Azakie et at., 1996). Chick DTEF-1 is 72% identical to both NTEF-1 and RTEF-1 clones isolated from the same or ganism and was thus classified as a novel family mem ber. Curiously, splicing isoforms of chick DTEF-1 exist that have either perfect conservation of the TEA do main or two amino acid substitutions in this region. The mouse D TEF-J cDNA contains a single substitution in the TEA domain at the same position as one of the sub stitutions in the chick D TEF-JA eDNA, although a ly sine instead of glycine replaces arginine (Azakie et at., 1996; Yasunami et al., 1996). As discussed previously, these substitutions may have implications for the bind ing specificity of these isoforms. That this member of the TEF-1 family is also subject to alternative splicing that results in two different versions of the TEA domain strengthens the notion that the differences seen be tween murine RTEF-1 and chick and human RTEF-1 might also result from splicing events. Consensus
 
 D TEF-J transcripts are enriched in cardiac muscle, with lower levels found in lung, and gizzard (a smooth muscle-enriched tissue) and very low levels found in kidney and skeletal muscle, and D TEF-J transcripts are undetectable in liver and brain tissues (Azakie et at., 1 996). Mouse D TEF-J mRNA is detectable by North ern blot in embryos from E8 and has a broad tissue dis tribution consistent with expression in vascular smooth muscle (Yasunami et at., 1996). In the chick, presumed partially spliced transcripts are found at much higher levels in skeletal muscle which might indicate post transcriptional control of the tissue representation of DTEF-l . Since alternative splicing is widespread in the TEF-1 family and most members initiate translation at nonstandard initiation codons, there is ample reason to believe that this family is subject to extensive post transcriptional regulation.
 
 D . ETEF- l Embryonic TEA domain-containing factor (ETF) was first cloned in the search for cDNAs preferentially expressed in neural precursor cells and later by a PCR screen for cDNAs containing related TEA domains (Yasunami et at., 1995; Jacquemin et al., 1996; Fig. 6). We proposed renaming this clone ETEF-1 to reflect both its membership of the TEF-J gene family and its predominant embryonic expression pattern. Sequence
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 Fig u re 5 Alignment of all known DTEF-1 proteins. DTEF-1 proteins and their isoforms are shown from mouse and chick (Azakie et ai., 1996; Yasunami et at., 1996). Residues that are shared by 67% (two or more) of the proteins are shown in black. A consensus sequence for DTEF-1 is shown above the alignment, where the consensus residue is that shared by 67% (two or more) of the proteins; otherwise, a period is shown.
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 Figure 6 Alignment o f all known ETEF-1 proteins. ETEF-1 proteins are shown from human and mouse (Jacquemin e t al., 1996; Yasunami et al., 1995). Residues that are shared by 67% (two or more) of the proteins are shown in black. A consensus sequence for ETEF1 is shown above the alignment, where the consensus residue is that shared by 67% (two or more) of the proteins; otherwise, a period is shown.
 
 comparison with existing family members indicated that this murine cDNA encodes a protein that is only 66% identical to murine NTEF-1 and 65% identical to chick RTEF-1, thus making this, overall, the most diverged member of the TEF-1 family. However, unlike the mu rine RTEF-J cDNAs and chick D TEF-JA, within the TEA domain ETEF-J is identical to all other known TEF-1 family members. Unlike all other members of the family, ETEF-J transcripts do not appear to be enriched in muscle. In one account ETEF-J transcripts peak at E 10 of embry onic development, with high expression in the embry onic hindbrain from which the adult cerebellum is de rived and weaker expression in the distal tips of limb buds and tail (Yasunami et al., 1995). In another report, this cDNA, independently cloned, is also found by in situ hybridization in the developing neuroepithelium of the brain and spinal cord through multiple days of em bryonic development but is also found in other devel oping organ systems, including the lungs, bladder, and facial and gut mesenchyme. ETEF-J transcripts appear to be absent from both developing heart and skeletal muscle (Jacquemin et al., 1996). In adult tissues very low mRNA levels are found in brain by Northern blot, but mRNA levels are found in no other tissue tested (Yasunami et al., 1995).
 
 E. N o n -TEF- l M eAT B i n d i n g Factors Some MCAT sites may bind a protein(s) distinct from TEF-1 as distinguished by immunological criteria (Table I). The hCS enhancer contains multiple MCAT related sites that apparently bind a factor (CSEF-1) that is judged to be a non-TEF-1-related protein by virtue of its size (-33kDa compared to TEF-1 family members in the -50kDa size range), thermal stability, and nonim munoreactivity with a polyclonal antibody raised against chicken RTEF-1 that also recognizes human and rat NTEF-1 (Jiang and Eberhardt, 1995, 1996). CSEF-1 is found in BeWo choriocarcinoma cells, COS1 cells, and at low levels in HeLa cells. However, this factor has not been cloned, so it may yet prove to be a diverged member of the TEF-1 family or a member of the larger TEA domain family of proteins. The muscle creatine kinase (MCK) enhancer contains a sequence, Trex (CATCTCG), that is distantly related to the MCAT heptamer and that was shown to be im portant for the activity of the enhancer in skeletal my oblasts and myocytes but not cardiomyocytes. This sequence was shown to be a target for binding of a fac tor unrelated to TEF-1, judging by sequence specifi city and immunoreactivity (Fabre-Suver and Hauschka, 1996). Likewise, the proliferin and the Xenopus laevis
 
 318
 
 V G e n et i c Co n t ro l of M u scle G e n e Expre s s i o n
 
 tRNA (Ser)Sec gene promoters have SphI/II-like sequences that appear to be important in their activity; however, in both cases the binding species has been shown by se quence specificity and in the former case also by im munoreactivity to be distinct from TEF-1 (Groskopf and Linzer, 1994; Myslinski et ai., 1992). In the cases of the MCK enhancer and tRNA promoter this may sim ply be due to the very diverged nature of the MCAT sites (CATCTCG, and CATACACN9CATGCTG, re spectively).
 
 perfectly conserved and interestingly does not bind GTIIC. Substitution of this serine with alanine in Scal loped only partially restores the ability to bind GTIIC unless the carboxy terminus is deleted, at which point the mutant regains the ability to bind the GTIIC ele ment. However, surprisingly, substitution of the Ala48 with a serine in NTEF-1 does not affect its binding (Hwang et ai., 1993). Thus, TEF-1 family members with amino acid substitutions in the TEA domain may have distinct binding site specificies, but until their relative affinities for a range of MCAT variants are directly tested, no prediction can be made.
 
 I I I . TEF- l Structu re-Fu nction
 
 A. The TEA C lass of DNA B i nd i ng Do m ai n s NTEF-1 contains a DNA-binding domain toward its N terminus called the TEA domain (Xiao et al., 1991; Hwang et ai., 1993; Fig. 2B). The TEF-l DNA-binding domain is a prototype of the TEA domain class of DNA binding domains (Andrianopoulos and Timberlake, 1991; Biirglin, 1991; Fig. 2A). The other prototypic mem bers of this class are: the yeast transcription factor TEC1 , which regulates Tyl enhancer activity (Laloux et ai., 1990); the transcriptional activator of Aspergillus nidu lans sporulation-specific genes, AbaA (Mirabito et ai., 1989); and the drosophila transcription factor Scalloped (sd), which is required for sensory organ differentiation (Campbell et ai., 1992). Recently, human NTEF-1 was shown to be capable of functionally replacing the sd gene in drosophila mutants (Deshpande et ai., 1997). Thus, the TEA domain is a conserved protein domain found to be involved in developmental events through out evolution. Predictive analysis of the TEA domain indicated three a-helices (Biirglin, 1991) or one a-helix and two (3 sheets (Andrianopoulos and Timberlake, 1991). The he lices/sheets were mutagenized in NTEF-1 by introduc tion of structure-breaking prolines: disruption of the first or third helix destroyed or reduced, respectively, sequence-specific site binding (Hwang et at., 1993). However, mutagenesis of the second helix had no ap parent effect. The deletion of the C-terminus domain or the serine, threonine, and tyrosine (S,T,Y)-rich domain also interfered with protein binding, although a frag ment of protein containing only the TEA domain is nec essary and sufficient for efficient binding, indicating modulating interactions between several domains of the intact protein. Finally, some degree of sequence speci ficity is conferred by residue 48 of helix 1 that is an ala nine in all TEF-1 family members but a serine in the drosophila TEA domain protein Scalloped (Hwang et at., 1993). The TEA domain of Scalloped is otherwise
 
 B . TEF- l C o n ta i n s a M u lti partite Activati o n Domai n Study of the activation potential of NTEF-1 proved difficult since the protein was found to be entirely inac tive upon transfection into lymphoid-derived cells lines in which the protein is normally not expressed. This has been suggested to be due to the action of a negatively acting TATA-associated factor (Chaudhary et at., 1994) or the lack of positively acting factors required for TEF l transactivation (Xiao et al., 1991). Moreover, attempts to superactivate with transfected NTEF-1 or RTEF-1 in cell types in which endogenous TEF-1 is active pro duced profound repression of reporters bearing TEF-1 binding sites but not those based on unrelated sites (Hwang et at., 1993; Ishiji et at., 1992; Shimizu et ai., 1993; Stewart et ai., 1994; Xiao et at., 1 991). This failure to demonstrate transactivation experimentally has been proposed to result from the limiting presence of a bridg ing factor(s) that allows TEF-1 to interact with the gen eral transcriptional machinery at the TATA box. Such factors have been variously called coactivators or tran scriptional intermediary factors. Proteins that seem to function in this way have been cloned for the Oct fac tors, nuclear receptors, and CREB (Arany et al., 1994; Chiba et at., 1994; Guarente, 1995; Luo and Roeder, 1995; Meier, 1996). These are apparently distinct from the TATA-binding protein (TBP)-associated factors that form a tight complex with the TBP in higher eu karyotes (Tansey and Herr, 1997). Repression that is proposed to result from the competition of coactivators away from the promoter by excess concentrations of transfected transactivators which would otherwise func tionally interact with them is termed "squelching." Pro gress to date in the characterization and isolation of TEF-1-specific coactivators is detailed later. The conclusion that NTEF-1 is indeed an activator of transcription and not simply a repressor is based on studies done in which NTEF-1 and later RTEF-1 , o r portions thereof, were linked t o the heterologous DNA-binding domain (DBD) of the yeast transcription
 
 31 9
 
 1 8 MeAT E l e m e nts a n d t h e TEF- 1 Fa m i ly
 
 factor GAL4 (Hwang et aI., 1993; Stewart et aI., 1 994; Xiao et aI., 1 991; Yockey et aI., 1996). UASG (GAL4 binding site)-based reporters are used to monitor chi meric activity. These chimeras retain the ability to re press TEF-1 binding site-based reporters but do not as effectively self-squelch. The reasons for this are not clear but might reflect a reduced requirement for coac tivators resulting from a different interaction of the GAL-NTEF-1 chimera with its UASG binding site. In any case, using this system certain NTEF-1 constructs were shown to activate UASG-based reporters by as much as 60-fold (Hwang et al., 1993). Further dissection of NTEF-1 activation domains utilized variously deleted NTEF-1 fused to the GAL4 DBD (Hwang et al., 1 993). These studies revealed a complex activation function located in multiple interde pendent domains in the protein. The additional pres ence of the natural TEF-1 DBD (the TEA domain) was found to depress the activation function of the chimera, and its inactivation by deletion resulted in a more active chimera (paradoxically, this did not result in a more po tent squelching ability of the TEA domain-deleted mu tant while otherwise transactivation strength is well cor related with the degree of activation efficiency of the various mutants). The transcriptional activity of NTEF1 appeared to be resident in at least three subdomains, none of which alone are active. Certain combinations of two such subdomains could produce a chimera of re duced activity but for full activity any deletion other than the TEA domain resulted in some diminution of activity (Hwang et aI., 1993). Thus, NTEF-1 may require an intact three-dimensional structure to function effec tively, both for binding and for maximal activity. In this sense, it may prove an exception to the accepted notion of modular and separable domains in transcription fac tors. The three NTEF-1 activation sub domains have re spectively an acidic character (the N-terminus domain) or are rich in prolines or in S,T,Y residues (Fig. 2B). Such characteristics have been noted in activation do mains of other transcription factors, such as VP16, CTFINF-1 , Oct-2, GHF-1, and myogenin (Treizenberg, 1995; TheiIl et aI., 1989; Tanaka and Herr, 1990; Schwarz et aI., 1992). These domains are conserved in their over all characteristics in other members of the family (Fig. 7). Curiously, both the acidic and the proline-rich do mains are the most poorly conserved domains of the TEF family in actual amino acid sequence (Fig. 7). The S,T,Y- rich region, by contrast, is well conserved. A de letion study has been undertaken of one other member of the TEF-1 family (mouse TEFR-1 ; Yockey et aI., 1 996) in which a deletion of the N terminus, including the entire acidic domain, increases the activation capac ity of GAL4-mTEFRl chimeras. Moreover, deletion of
 
 the proline-rich region does not abolish mTEFRl activ ity. Thus, the function of the NTEF-1-defined activation subdomains may not be conserved through other mem bers of the family. The extreme C terminus of NTEF-1 may also con tribute to activation function. Deletion of this domain disables binding of the resultant GAL-NTEF-1 chi meras, despite the presence of the heterologous GAL4 DBD, and thus its function in activation is deduced in directly by the inability of C terminus deleted mutants to squelch endogenous TEF-1 activity (Hwang et aI., 1993). Similarly, deletion of the extreme C-terminus of an otherwise highly active GAL-mTEFR-1 deletion abolishes its activity; however, the ability of this chi mera to bind DNA was not tested (Yockey et aI., 1 996).
 
 C . Re p re s s i o n by TEF- l In the context of the hCS enhancer, a TEF-1 protein appears to function as a represser of basal h CS tran scription by competition with a distinct factor, CSEF-1, for their common binding site (Jiang and Eberhardt, 1 995). Multiple copies of an SV40-derived GTIIC ele ment can activate transcription from the hCS promoter in COS cells (which contain CSEF-1 binding activity but little TEF-1) but not in He La cells (which contain TEF-1 but very little CSEF-1 binding activity). BeWo cells are a placental cell line in which the hCS enhancer normally functions and that contain both TEF-1 and CSEF-1 binding activities. In these cells, the GTIIC based artificial enhancer-promoter reporters are mod erately active relative to their activity in COS cells. Introduction into BeWo cells of antisense oligonucleo tides targeted to TEF-1 coding sequences produces a threefold increase in activity of wild-type or GTIIC mul time ric enhancer constructs, consistent with the idea that TEF-1 represses the activity of these enhancers via competition for its binding site (Jiang and Eberhardt, 1995). However, basal transcription of several non MCAT-containing promoters is also upregulated in BeWo cells by the reduction of TEF-1 (Jiang and Eberhardt, 1996). Direct interaction of human NTEF-1 with recombinant TBP via at least the NTEF-1 proline rich domain was found (Jiang and Eberhardt, 1 996). Thus, interference by TEF-1 with TBP binding was pro posed to account for the inhibition of basal transcrip tion in these cells. Direct binding of TEF-1 to TBP re mains controversial, however. The involucrin gene, which encodes a precursor pro tein for the cornified envelope in terminally differenti ated keratinatocytes, has three highly divergent MCAT sites in its promoter (CAGAGTT, CATAGGA, and CATATAA) that nevertheless appear to bind TEF-1 (Takahashi et aI., 1 995). TEF-1 had previously been im-
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 Fig u re 7 Alignment of the TEF-1 family. Representative members of NTEF-1, RTEF-1, DTEF-1 , and ETEF1 , as well as splicing isoforms of each, are shown from each species where they have been cloned (for references, see Figs. 3-6). The most frequently occurring residues are shown in black. A consensus sequence for the TEF-1 family is shown above the alignment, where the consensus residue is that shared by 58% (7 or more) of the pro teins; otherwise, a period is shown.
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 plicated in the activity of the human papillomavirus-I6 E 6 and E 7 oncogene enhancer in keratinocytes (Ishiji et ai., 1992). Following cotransfection with TEF-l or GAL4-TEF-l, the involucrin promoter was found to be repressed and the authors thus conclude that endoge nous TEF-l normally functions to repress this promoter (Takahashi et ai., 1 995). However, it should be noted that the concentrations of both TEF-l and GAL4-TEF1 , used in this study have been seen to result in repres sion of other TEF-l-responsive promoters (Hwang et ai., 1 993; Ishiji et ai., 1 992; Xiao et al., 1 991). This re pression by the GAL4-TEF-l chimera in particular, which lacks the capacity to bind the MCAT-containing promoter, has been taken as evidence of squelching of endogenous TEF-l activity by competition for the pro posed intermediary factors or coactivators rather than active repression, although experimental evidence di rectly supporting this hypothesis is still absent. There fore, the conclusion that TEF-l normally represses this promoter must be treated with caution.
 
 IV. Reg u lation of TEF- J Exp ress io n
 
 A. Tra n scri pt i o n : t h e NTEF- l Promote r A promoter has been isolated and partially charac terized for human NTEF-I (Boam et ai., 1 995). The pro moter lacks a TATA box but contains an initiator ele ment, SPI sites, and ATF-l binding sites. The NTEF-I promoter is active in HeLa cells but inactive in lym phoid cell lines, as would be predicted by the represen tation of NTEF-I mRNA in these cell types. In vitro, however, the promoter is active in both lymphoid and HeLa cell extracts (Boam et al., 1 995). SPI and ATF-l were shown to bind their respective sites in both cell types; thus the question of how the tissue specificity of this promoter is achieved in vivo remains. The authors speculate that either posttranscriptional destabilization of the NTEF-I transcripts or inactivation of the pro moter by CpG island methylation occurs in the lym phoid cells. The promoter was shown to rely on the most proximal SPI site for localization of the transcriptional start at the initiator element. This function of the SPI could not be functionally replaced by substitution of a TATA box. This is similar to the function assigned to SPI in early zygotic gene activation (Nothias, et ai., 1 995) when a limited number of transcription factors are available for the activation of transcription. Further research will be required to determine what other tran scriptional regulatory elements or posttranscriptional mechanisms are responsible for the muscle enrichment seen with NTEF-l , or isoforms thereof, in a variety of organisms (Blatt and DePamphilis, 1 993; Shimizu et ai., 1993; Stewart et aI, 1 996).
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 B . Tra n s l at i o n of TEF- l Fam i ly M e m be rs ETEF-l is the sole member of the TEF-l family to date that appears to initiate translation at a methionine residue (Figs. 6 and 7; Jacquemin et ai., 1 996; Yasunami et ai., 1 995). Non-Met codons are rare and most fre quently found in potent regulatory factors (Hann, 1 994). This has been proposed to represent a means of subjecting these potent proteins to more stringent regu lation within the cell and thereby to maintain them at low relative concentrations. Site-directed mutagenesis of human NTEF-l identified an isoleucine (ADD) in a reasonably favorable Kozak consensus as the most likely initiation codon (Xiao et al., 1991). However, start codons ending in a nucleotide other than G were not found for any other eukaryotic RNA polymerase II gene in a database of translational signals (Dalphin et ai., 1996). Moreover, similar mutagenesis experiments in chick RTEF-l did not support the usage of an isoleucine in an equivalent position as its initiation codon: thus, an upstream leucine in a favorable Kozak consensus was tentatively identified as its translation start site (1. K. Farrance and S. B. Larkin, unpublished observation). In all other cases the initiation start site has not been directly tested, but start sites have been as signed by analogy with human NTEF-l at isoleucines.
 
 C. TEF- l I nd u ct i o n a n d M od ifi cat i o n Many MCAT sites are the target of extracellular sig nals (Gupta et ai., 1994; Kariya et ai., 1994; MacLellan et ai., 1 994; Cogan et ai., 1 995; Karns et ai., 1995; Sun et ai., 1995). Since most MCAT sites have been shown to be bound by TEF-l family members, these proteins are candidate downstream targets for the second messenger cascades initiated by the extracellular signals (Farrance et ai., 1 992; Farrance and Ordahl, 1996; Gupta et ai., 1994; Ishiji et ai., 1 992; Kariya et ai., 1 993; Molkentin and Markham, 1994; Shimizu et ai., 1993; Xiao et ai., 1991; Yockey et ai., 1 996). Indeed, the MCAT elements that mediate the TGF-13 inducibility of the uSkA gene, the cAMP inducibility of the cardiac uMHC gene and the serum stimulation of the VSMaA gene have all been shown to bind TEF-l proteins (Cogan et ai., 1995; Gupta et ai., 1 994; MacLellan et ai., 1994). There is evidence that in several systems TEF-l related factors are upregulated and/or posttranslation ally modified following certain stimuli. The pathway is perhaps best worked out for upregulation of the {3MHC gene in the mammalian heart following hypertrophy. The cardiac hypertrophic response, including the fetal gene switch with upregulation of the {3MHC gene, can be reproduced by in vitro by aI-adrenergic stimulation of cardiac myocytes (Long et ai., 1991; Simpson et ai.,
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 1989; Waspe et at., 1990). {3MHC gene upregulation is mimicked by transfection of a consitutively active mu tant of 13 PKC and both the former extracellular and the later presumed intracellular intermediary stimuli medi ate their effects through an MCAT site that was shown to bind a TEF-1-related factor (Kariya et at., 1993, 1994). Phosphorylated TEF-1 protein levels may be in creased by hypertrophic stimuli (P. Simpson, personal communication). The hypertrophic response of the car diac aMHC gene was also shown to be associated with a fivefold increase in its MCAT binding factor that is antigenically related to chick RTEF-1 (Molkentin and Markham, 1 994). Furthermore, there is a transitory in crease in TEF-1-related proteins that bind to the aSkA gene promoter upon slow twitch muscle hypertrophy (Carson et at., 1996). In fibroblasts that are stimulated by the serum mitogen acidic fibroblast growth factor RTEF-l transcription is activated de novo with the kinetics of a delayed early response gene (Hsu et at., 1996). Thus, the extracellular signals result in an in crease in TEF-1 protein levels, a probable posttransla tional modification that may impact its transactivation capacity, or both. TEF-1 proteins may also be subject to regulation that confers an added level of tissue specificity. RTEF-1 protein (Farrance and Ordahl, 1996) or transcripts (Yockey et at., 1 996) appear in multiple tissues. How ever, RTEF-1 proteins in both chick and mouse appear to be responsible for muscle-specific gel-shifted species generated on MCAT elements (Farrance and Ordahl, 1996; Shimizu et at., 1993; Yockey et at., 1 996). The MCAT elements of the cTn T gene promoter have been shown to bind both NTEF-1 and RTEF-1 in chick mus cle and nonmuscle cells; however, in muscle cells the RTEF-l/MCAT complex migrates in a unique position under nondenaturing electrophoretic conditions (gel shift conditions), whereas the NTEF-l/MCAT com plexes are unaffected (Farrance and Ordahl, 1996). The RTEF-1 protein and one of the two NTEF-1 isoforms that bind these cTn T MCATs are phosphorylated; how ever, dephosphorylation does not alter the position of the muscle-specific RTEF-l/MCAT complex. Further more, no muscle-specific splicing has been shown for chick RTEF-l transcripts, unlike the splicing seen with MEF-2 RNAs (Stewart et at., 1994; Yu et at., 1 992). Thus, the muscle-specific shift in this model may be due to some other posttranslational modification, an as yet un described splicing event, or an interaction with an addi tional factor specifically in muscle cells. Likewise, the distal MCAT element of the {3MHC gene in mouse differentiated muscle cell lines is bound by both NTEF-1 and RTEF-1 proteins (Shimizu et at., 1 993; Yockey et at., 1 996). This distal MCAT element of
 
 V G e n etic C o n t ro l of M u s c l e G e n e Expre s s i o n
 
 the {3MHC gene was earlier shown t o form both ubiq uitous (AI) and muscle-specific (A2) gel shift com plexes (Shimizu et at., 1993). It appears that NTEF-1 and possibly one isoform of RTEF-1 ( TEFR-la) form the ubiquitous complex (Shimizu et at., 1 993; Yockey et at., 1 996) whereas another isoform of RTEF-1 (TEFR1 b) is likely to be responsible for the muscle-specific MCAT gel shift complex (Yockey et at., 1996). These RTEF-l transcripts are expressed only in differentiated muscle cell lines, but expression is not as tightly regu lated in vivo since the transcripts are found in several nonmuscle tissues. Therefore, the {3MHC muscle-specific complex may result from regulation at the level of the promoter or RNA stability, but some posttranscrip tional or posttranslational modulation may also occur in vivo.
 
 D . TEF- l Activity i n C l e avage-Stage E m b ryo n i c Deve lo p m e nt Mutations were generated in the polyomavirus en hancer and screened for their activity in undifferenti ated ES cells and in one- and two-cell stage mouse em bryos (Melin et at., 1993). The enhancer configuration that was identified as "embryo responsive" by this ap proach is a tandem duplication of a region containing a mutation resulting in an MCAT site. Thus, some mem ber of the TEF-1 family is active at an early stage of de velopment, prior to formation of somites or precardiac mesoderm which contain skeletal and cardiac muscle precursor cells. TEF-1 activity in early development may, therefore, serve a more generalized function. This may involve novel members of the family (e.g., ETEF1 , which is expressed early in development in nonmus cle tissues) or the absence at this stage of a specific re pressor of TEF-1 activity in nonmuscle cell types. Such activation does not require NTEF-1 since knockout of this member of the TEF-1 family results in embryonic death relatively late in development, with early events apparently unaffected. Interestingly, SP1 sites are also active in ES cells and cleavage-stage mouse embryos. It appears that the SP1 sites rather than the TATA box of a model pro moter are required for mediation of enhancer stimula tion of gene expression at these early stages (Nothias, 1995). Interestingly, SP1 sites are found associated with MCATs in the majority of MCAT-dependent promoters and enhancers and have been implicated in the activity of many of these (Berberich et at., 1 993; Karns et at., 1995; MacLellan et at., 1994; Mar and Ordahl, 1990; Shimizu et at., 1992b;Thompson et at., 1991; Zenke et at., 1986).
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 v. Potential Modal ities of MeAT-Dependent Gene Reg u lation
 
 A. The C o m p l e x ity of the TEF- l Fam i ly As outlined previously, MCAT elements govern a wide variety of transcriptional responses; cell specific, cell nonspecific, hormone inducible, etc. Such regulatory complexity can be explained, at least in part, by the var ious levels of complexity of the TEF-1 family of MCAT binding factors. The tissue-restricted pattern of TEF-J gene expression (Table IV) provides a partial explana tion. Noteworthy, in particular, is the partially overlap ping checkerboard pattern of high level of RTEF-J and D TEF-J mRNA expression in different tissues and the relatively ubiquitous expression of NTEF-J. A second level of TEF-1 diversity arises from pre mRNA alternative splicing both in and near the con served, multifunctional TEA domain, but the conse quences of this have not been extensively explored. The TEF-1 isoproteins shown in Table III appear to initiate translation at multiple and/or atypical start codons that may further contribute to diversity. It would appear likely, therefore, that TEF-1 isoprotein diversity plays a major role in governing the multiple types of transcrip tional regulation noted for MCAT-dependent promot ers. For instance, southwestern analysis indicated that RTEF-1 binds one MCAT element with higher affinity than either of two NTEF-1 isoforms (Farrance and Or dahl, 1996), suggesting that different isoforms recognize different promoters based on the nucleotide sequences of their MCAT binding sites. Finally, the fact that TEF-1 family members can be induced and/or modified by phosphorylation or addi tion of other functional groups in response to extracel lular signals or in a tissue-specific fashion carries further implications for both transactivation potency and bind ing specificity and affinity. Notable in this regard is the difference in MCAT-RTEF-1A interaction in skeletal muscle versus nonmuscle (Farrance and Ordahl, 1996).
 
 B. Evi d e nce fo r t h e Ex i ste nce of TEF- 1 -Speci fic C oactivators Coactivators and transcriptional intermediary fac tors are non-DNA binding factors that bridge between a DNA-bound transcription factor and some compo nent of the basal transcriptional machinery to promote increased productive preinitiation complex formation and/or RNA polymerase recruitment to the start site. Such proteins may be required by TEF-1 proteins or a subset thereof, at least in some instances. This putative interaction would introduce a further level of complex-
 
 323
 
 ity and possible heterogeneity into TEF-1 protein mediated transcriptional activity. The GTIIC and Sph motif binding protein was impli cated in the activity of the SV40 enhancer in several cell lines but notably not in cells of lymphoid origin, in which the octamer motif that overlaps the Sph motifs is selectively active and replaces their function (Davidson et aI., 1 988; Fromental et aI., 1988; Ondek et aI., 1987, 1 988). Subsequently it was shown that NTEF-J mRNA was undetectable in lymphoid-derived cell lines and functionally inactive even when artificially introduced into them (Xiao et aI., 1991). The lack of a positively act ing coactivator or the presence of a negatively acting TATA-associated factor in lymphoid cells have been suggested as the cause (Chaudhary et at., 1994; Xiao et at., 1 991). Evidence for the existence of TEF-1-specific coactivators, in several cell types in which endogenous TEF-1 is apparently normally active, is indicated by the ability of overexpressed NTEF-1 to effectively squelch reporter activity based on TEF-1 binding sites but not those based on unrelated sites (Hwang et aI., 1993; Ishiji et at., 1992; Xiao et aI., 1991). It has been reported that a GAL-NTEF-1 chimera interacts with two chromatographically distinct TFIID complexes. Chimeras containing either the strong acti vating domain in the viral protein VP1 6 or the C-termi nus activating domain of the estrogen receptor interact with only one of these TFIID complexes. The second is apparently specific to GAL-NTEF-1 (Brou et aI., 1993). Factors present in this TFIID fraction are required for activation by GAL-NTEF-1 in an in vitro reconstituted transcription system. Chromatographic purification and reconstitution of activated transcription in vitro was used to search for candidate coactivators for TEF-1 in He La TFIID frac tions and to attempt to understand the basis of the inac tivity of TEF-1 in lymphoid cells (Chaudhary et aI., 1 994). Interestingly, the lymphoid cell-derived TFIID fractions were found to be capable of mediating TEF-1 activation once separated by immunopurifica tion from an apparently cell-specific activity called neg ative factor-1 (NEF-1). Addition of NEF-1-containing fractions blocks activation by GAL-NTEF-1 but not by GAL-VP16 (Chaudhary et at., 1 994). Thus, the inactivity of NTEF-1 in lymphoid cells appears to be due to the presence of an inhibitory factor associated with a par ticular TFIID fraction that selectively blocks its activity rather than to the lack of a particular coactivator. A second activity is found in lymphoid cells and sur prisingly also in HeLa cells (in which GAL-NTEF-1 is active) that selectively inhibits GAL-NTEF-1 activ ity in reconstituted transcription reactions (NEF-2; Chaudhary et aI., 1 995). NEF-2 is chromotographically
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 distinct from NEF-1 but blocks transcriptional activa tion by GAL-NTEF-1 but not by GAL-VP1 6 in a sim ilar fashion. Inhibition of TEF-1 activation by NEF2-containing fractions can be relieved by addition of a partially purified TFIID fraction but not by recom binant TBP. Moreover, NEF-2 can not inhibit GAL NTEF-1-mediated activation if added after preinitia tion complexes have formed (Chaudhary et aI., 1 995). This suggests that NEF-2 blocks enhancement of preini tiation complex formation that is brought about by in teraction of GAL-NTEF-1 with elements of the TFIID complex by competing for the element of the TFIID complex normally bound by NTEF-l . However, since GAL-NTEF-1 is in fact active in HeLa cells the func tion of the NEF-2 activity in these cells is uncertain. It cannot be ruled out that NEF-1 is another transcription factor that mediates its transactivation by interaction with the same TFIID component as TEF-1 and its in hibition of GAL-NTEF-1 in this enriched context is largely artefactual. However, the interesting possibility arises that it may be involved in mediating the selec tive inhibition of TEF-1 on certain muscle-specific type MCAT elements in nonmuscle cells, such as HeLa cells, (Larkin et aI., 1 996). In parallel to indications that TEF-1, interacts with the basal transcriptional machinery via some compo nent of the TFIID complex are other reports that TEF l can bind directly to TBP (Gruda et aI., 1 993; Jiang and Eberhardt, 1 996), whereas one study does not support direct binding of TEF-1 to TBP (Berger et aI., 1 996).
 
 plying that TEF-1 i s acting a s a repressor i n this context (Berger et aI., 1 996). Unlike the early promoter, which is activated by TEF-1 sites, the late promoter contains an initiator element in place of a TATA box. However, other studies have indicated that intact TEF-1 sites are necessary and sufficient to mediate the activation of the late promoter by TAg (Casaz et aI., 1991; Gilinger and Alwine, 1993; Rice and Cole, 1 993). This inconsistency remains to be resolved. TEF-1 is apparently able to serve a similar function for the cytomegalovirus (CMV) immediate early (IE) protein IE86 as that described for TAg (Lukac et aI., 1 994). IE86 promiscuously activates a variety of viral and cellular promoters and has been shown to be capa ble of activating via simple artificial promoters contain ing only a TATA box and any one of several upstream elements, such as a TEF-1 element. Column studies of GST fusions of these proteins show that they directly bind both the TBP protein and TEF-1 as well as SP1 (Lukac et aI., 1 994). TAg is able to replace the function of the TATA associated factor TEFn250 in a temperature-sensitive mutant (Damania and Alwine, 1 996). Thus, one may hy pothesize that TAg, and by extension the CMV IE86 protein, may function as a coactivator, bridging TEF l to the general transcriptional machinery. Whether the interaction with TAg and IE86 mimics a necessary interaction by TEF-1 with a cellular coactivator pro tein is unknown. However, two studies indicate that TEF-l directly binds TBP (Gruda et aI., 1993; Jiang and Eberhardt, 1 996). The binding of TEF-l to TBP may indicate that activation by TEF-l does not necessarily require a bridging factor. The ability of TEF-l to directly interact with multi ple different transcriptionally active proteins, including NEF-l and NEF-2, TAg, some component of the TFIID complex, and possibly TBP directly, reflects its multiple functions on different promoters in different cellular contexts.
 
 C. TEF- l I nte racts with t h e Pro m i sc u o u s Vi ral Activators T Ant i g e n a n d I E86 The large tumor antigen (TAg) o f SV40 activates many cellular and viral promoters and has transforming activity that is probably mediated by its ability to bind to and sequester the retinoblastoma (Rb) protein, its family members, and p53 (Fanning and Knippers, 1992; Levine, 1 993; Moran, 1993) as well as promoting viral genome replication. TAg activates the SV40 late pro moter; this activation does not require direct DNA binding by TAg but instead has been shown to require the TEF-1 binding sites. Column studies using immobi lized GST-TAg show that TAg can directly bind TEF-1 and TBP as well as TFIIB and SP1 (Gruda et aI., 1993; Johnston et aI., 1 996). TEF-lITAg interaction requires the TEA domain of TEF-1 and a domain of TAg over lapping but distinct from that mediating its binding to DNA and the Rb protein (Berger et at., 1 996; Gruda et aI., 1 993). This interaction appears to disrupt the bind ing of TEF-1 to DNA coincident with activation of the promoter. Mutation of the TEF-1 binding sites also ap peared to activate the late promoter in this study, im-
 
 D. TEF- l - B i n d i ng Part n e rs : An Add it i o nal Leve l of Reg u latory Com plex ity An additional level of regulatory complexity is sug gested by recent evidence indicating that binding of a second factor to MCAT flanking sequences further modulates the activity of the TEF-1 protein bound to the heptameric core MCAT motif (Fig. 8). The flanking sequence of the cTnT MCAT elements has been shown to direct the binding of a second factor that apparently renders these sites highly active in muscle cells but in active in nonmuscle cells (Larkin et aI., 1 996). Mutation of the flanking sequences or their substitu tion by sequences found flanking the MCAT sites in the
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 cardiac aMHC hybrid MCAT site has not been directly addressed, but since this site mediates the inducibility of the gene by cAMP it is possible that this second pro tein(s), rather than the TEF-1 component, is the target of this modulation. Another MCAT-dependent pro moter, the {3MHC gene promoter, is down regulated by cAMP (Gupta et aI., 1994). This differential effect of cAMP might occur via a different secondary component or by a direct modulation of TEF-1 in a MCAT complex that contains a different protein or lacks a second pro tein.
 
 i nactive ( non-muscle)
 
 active ( muscle)
 
 flanker-care-flanker
 
 B
 
 active ( many cell types )
 
 Fig u re 8 TEF-l association with other nuclear proteins. (a) Co operative binding between TEF-l and protein(s) binding to MCAT flanking sequences both activates and represses transcription in a cell and tissue- specific fashion. In the simplest scenario illustrated, the positive or negative activity of the promoter is determined by the bound TEF-l family member and/or by X. X is a protein that has been shown to exist but whose identity is unknown. (b) TEF-l activity in the SV40 promoter. The absence of a requirement for flanker binding suggests that any TEF-l family member is able to activate this pro moter. However, a transcriptional intermediary factor(s) (TIF) may also be required.
 
 SV40 enhancer generates MCAT elements that are ac tive in both muscle and nonmuscle cell types. The for mation of a ternary complex comprising an MCAT ele ment, TEF-1, and a factor that specifically recognizes the MCAT flanking sequence has been demonstrated in gel shift experiments, and footprinting shows protein binding extending over this flanking region. Although the identity of this second protein(s) remains to be de termined, we hypothesize that the muscle specificity of the two MCAT elements from the cTnT promoter is de pendent on the cooperative interaction of this second factor with TEF-1 and nucleotides flanking the MCAT core motif. How general is the role of TEF-1 cobin ding partners in the regulatory complexity of MCAT elements? The cardiac aMHC MCAT element is also a hybrid site that binds a TEF-1 protein and an additional protein(s) in the size range 25-28 kDa (Gupta et aI., 1 994). The pos sible function of the additional binding protein(s) in the
 
 VI. S u m mary and Concl u s ions MCAT elements are responsible for diverse tran scriptional regulatory responses of both muscle-specific and non-muscle-specific promoters. Two classes of MCAT transcriptional regulatory elements can be dis tinguished. One class of MCAT elements governs gene expression with a high level of cell and tissue specificity as exemplified by the c Tn T gene promoter (Fig. 8A). This class of MCAT-dependent genes includes many car diac genes that are cardiac specific and, in some cases, hormone responsive. A second class of MCAT-depen dent genes, exemplified by the SV40 promoter (Fig. 8B), exhibits a low level of cell and tissue specificity. MCAT elements bind members of the TEF-1 family of transcriptional activators through the core seven nucleotide motif, CATTCCT. The TEF-J genes are the vertebrate members of the highly conserved TEA do main family of regulatory proteins that govern gene ac tivity in a wide variety of plants and animals. There are at least four vertebrate TEF-J genes, some of which are expressed in a tissue-restricted fashion, with alternative splicing adding to the complexity of expressed TEF-1 proteins. These proteins are likely to bind differentially to different MCAT elements leading to distinct spa tiotemporal patterns of transactivation, dependent on the cognate TEF-1 isoprotein. For instance, results from the author's laboratory indicate that RTEF-1 is the likely binding factor governing the muscle-specific ex pression of the cTn T gene, whereas NTEF-1 is almost certainly the principal regulatory protein governing the SV40 promoter (Fig. 8). Some evidence points to the existence of coactivators that, in some instances, may affect the ability of TEF-1 proteins to interact productively with the basal tran scriptional machinery. To date, coactivators have not been successfully isolated but are proposed to exhibit tissue specificity and may also consist of multiple mem bers with distinct characteristics. If TEF-1 coactivators exist, their pattern of expression and specificity for the different TEF-1 isoproteins and MCAT variants would
 
 326
 
 V G e n e t i c C o n t ro l of M u s c l e G e n e E x p re s s i o n
 
 add another layer of regulatory complexity to the TEF l system. Recent work also shows that additional DNA binding proteins are required for TEF-l family mem bers to act on transcription. In the case of the cardiac troponin T gene promoter, a second, unknown protein (X in Fig. S) appears to bind cooperatively to flanking sequences and to the adjacent TEF-l moiety bound to the core motif (Fig. SA). Since NTEF-l predomi nates in nonmuscle tissue, we have hypothesized that the X-NTEF-l complex is repressive. By contrast, in muscle tissue, in which RTEF-l is abundant, the X RTEF-l complex stimulates transcription. The diversity of flanking sequences present in the MCAT elements of muscle promoters (Table I) suggests that many differ ent proteins may be responsible for modulating MCAT dependent promoter activity in skeletal and cardiac muscle cells. In the case of the ubiquitously expressed SV40 promoter, the binding of a second protein to flanking sequences appears not to be required and acti vation through core motif binding may be accom plished by either NTEF-l or RTEF-l . In the case of the SV40 promoter, however, the activity of a coactivator may be required for transcriptional activation (Fig. SB). Coactivators by definition do not bind directly to DNA and thus are distinct from the factor(s) interacting with MCAT flanking sequence. Future work should eluci date the modes of activity of MCAT elements via analy sis of the diversity and structure of TEF-l proteins as well as other protein factors with which they cooperate to stimulate and repress transcription.
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 I . I ntrod uction The fully formed vertebrate heart consists of a series of functionally distinct compartments which are the Heart Devel o p ment
 
 products of complex morphogenetic processes during embryonic development. In order to discuss gene ex pression in the developing heart, it is necessary to sum marize the major events of cardiac morphogenesis. Fig ure 1 presents a schema for cardiac development in higher vertebrates (Larsen, 1 993). Cardiomyocytes first differentiate within the splanchnic lateral mesoderm on either side of the midline in the cranial region of the embryo at Embryonic (E) Day 7 in the mouse (see Chapter 1). As a result of cephalic and lateral folding of the embryo, left and right precardiac regions fuse at the anterior edge of the cardiac crescent to form a primitive heart tube. The cardiac tube is transiently organized along the anterior-posterior (A-P) axis with a rostral arterial pole and a caudal venous pole, and subse quently loops to the right at E8 in the mouse, with the originally caudal inflow region moving in an anterior and dorsal direction to generate an S-shaped heart tube. Primitive venous inflow tract (1FT), atrial, atrioventric ular canal (AVC), ventricular, and outflow tract (OFT) regions are apparent at this stage. The looped heart rapidly develops right and left atrial appendages, and
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 Figu re 1 Schema of heart development in the mouse. (A) Myocardiocytes first differentiate in the cardiac crescent from precur sors in the sphlancnic lateral mesoderm at E7.S. (B) By E8 a tubular heart forms at the anterior of the crescent with rostral arterial and caudal venous poles (outflow and inflow, respectively). (C) The heart subsequently loops to the right, with the venous pole moving an teriorally and dorsally; at this stage a primitive ventricle with arterial outflow and venous inflow regions is evident. (D) In the embry onic heart at ElO.S, primitive right and left atria and right and left ventricles are apparent; at this stage the heart has an extended out flow tract. (E) During late embryonic and fetal development the primitive cardiac chambers grow and septate, and the outflow tract divides into aortic and pulmonary trunks. (F ) External view of an adult mouse heart showing the relative positions of the principal car diac chambers and the positions of the aorta and pulmonary artery. Not to scale.
 
 the embryonic right ventricle expands distally to the ini tially larger embryonic left ventricle; at the same time the heart tube continues to extend as myocardium is added to both rostral and caudal ends, generating the distal OFT and venous 1FT. Subsequently, ventricular, atrial, and OFT septa converge in the AV region such that by birth four distinct chambers direct separate pul monary and systemic blood flow (see Chapter 12).
 
 I I . The Deve lopment of the Heart and the On set of Atrial and Ventricu la r Transcri ptional Reg iona l i zation How and when is regionalization developed in the myocardium? In this section, we will discuss the emer gence of atrial and ventricular transcriptional diversity
 
 along the A-P axis of the early heart. Differentiation within the heart tube follows a craniocaudal gradient (Icardo, 1996). Myocardial genes tend to be coex pressed throughout the embryonic heart at the earliest stages of heart tube formation; in birds, however, ante rior to posterior fusion of bilateral cardiac precursors results in a linear heart tube within which regional dif ferences in expression of a subset of cardiac markers are already detectable (De long et ai., 1987, 1990, Yutzey et ai., 1 994). Atrial myosin heavy chain (MHC) transcripts are expressed predominantly in the poste rior heart tube as the cardiac primordia fuse, consistent with early restriction of atrial MHC protein and sug gesting that atrial and ventricular lineages are diversi fied when they first differentiate (Sweeney et at., 1987; De long et ai., 1990; Yutzey et ai., 1994; Yutzey and Bader, 1995). In the mouse, significant regionalization of gene expression within the developing heart emerges from the time of cardiac looping (Lyons et at., 1 990;
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 Lyons, 1 994). The temporal profile of chamber-specific restriction of cardiac genes is highly variable: Some markers are restricted early in development, for exam ple, the regulatory myosin light chain 2V (MLC2V) gene which is predominantly expressed in the primitive ventricle from E8.5 (O'Brien et ai., 1 993); other myosin genes encoding alkali MLCs continue to be expressed throughout the myocardium after looping (Fig. 2; Table I; see Chapter 15). A subset of markers appears to be initially coexpressed in a graded manner; the MHC genes, for example are expressed in inverse gradients in the embryonic heart, with a.MHC being expressed at a higher level at the arterial pole and �MHC at the ve nous pole of the tubular heart (De Jong et ai., 1 987; De Groot et ai., 1 989; Lyons et ai., 1 990). The �MHC gene shows relatively early restriction of transcription, be coming confined predominantly to the ventricular com partment by E10.5 in the mouse (Fig. 2; Lyons et ai., 1 990). MLCI V transcripts, in contrast, continue to be detectable in atrial cells until E15 and MLCIA tran scripts remain detectable in the ventricles even after birth (Lyons et ai., 1 990). Changes in myocardial gene expression do not necessarily occur in a synchronized fashion even within a cardiac compartment. For exam ple, the decrease in levels of MLCIA in fetal ventricles takes place in a trans-mural gradient from epicardium to endocardium, reflecting transcriptional differences between the trabeculated and compact myocardial
 
 335 components of the ventricle (Lyons et ai., 1 990; Franco et ai., 1997b). Further developmental changes in expres sion pattern take place during fetal and early postnatal development; for example, f,MHC is downregulated and a.MHC upregulated in the ventricles of the mouse heart at birth. Transcriptional differences between atria and ventri cles are consistent with the different contractile, elec trophysiological, and pharmacological characteristics of atrial and ventricular cardiomyocytes. For example, dif ferent MHC isoforms have different biochemical prop erties: f,MHC has a lower ATPase activity consistent with the lower shortening velocity and rate of tension development in ventricular compared to atrial my ocardium. In the embryonic chicken heart the expres sion of MHC protein isoforms correlates with local dif ferences in the contractile pattern of the heart (De Jong et ai., 1 987). a.MHC and f,MHC continue to be coex pressed in particular regions of the embryonic heart marked by peristaltic contraction and slow conduction velocity, such as the AVC and OFT (De Jong et at., 1 987; Moorman and Lamers, 1 994). Other cardiac genes, such as phospholamban and sarcoplasmic reticulum calcium ATPase, implicated in modulating calcium ion concen tration, are expressed in inverse A-P gradients in the embryonic heart (Moorman et ai., 1 995). While these patterns of gene expression are likely to be restricted in response to underlying transcription factor gradients
 
 Fig u re 2 In situ localization of myosin transcripts in developing mouse hearts at ElO.5 (a-e) and E15.5 (f-j). (a and f) Bright field [images. A, atria; V, ventricle, T, trabeculae. (b and g) MLCIA transcripts are expressed throughout the embryonic heart and are de tectable in the atria and trabeculated portion of the ventricle at fetal stages. (c and h) MLCI V transcripts are expressed in both cardiac compartments at ElO.5 and become restricted to the ventricle by E16.5. (d and i) Ci.MHC transcripts are expressed in the embryonic atria and at a low level in the embryonic ventricle and become restricted to the atria by E15.5 (e and j) [3MHC transcripts are re stricted to the ventricular compartment by ElO.5; note that [3MHC messages continue to be found in the OFT region (arrowheads). Scale bars 200 fLm. [Reproduced from Lyons et aI., The Journal of Cell Biology (1990) 111, 2427-2436, by copyright permission of The Rock efeller University Press.] =
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 Note: In situ hybridization data for myosin heavy and light chain transcript accumulation are ill ustrated at three stages of development-the tubular heart (E8.S), the embryonic heart (E lO.S), and the fetal heart ( E 1 S.S). A, arterial; V, venous; OFT, outflow tract; AVC, atrioventricular canal; 1FT, in-flow tract. Relative expression levels are graded as follows:
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 within the embryonic heart, changes in isoform expres sion in adult hearts subjected to pressure overload point to the role that hemodynamic factors play in the re gionalization of cardiac gene expression. The functional significance of switches in MLC and other sarcomeric components is less well established, although ongoing isoform replacement experiments in myocytes in vitro and in the adult heart in vivo are addressing the role that different isoforms play in sarcomeric function (Gulick et aI., 1 997).
 
 I I I . Left and Right Card iac Compartments: Reg iona l i zed Transgene Express ion Regionalization of transcriptional potential within the myocardium has been recently demonstrated to be more extensive than predicted from the analysis of atrial- and ventricular-specific gene expression. Tran scriptional differences between the left and right sides of the embryonic heart have been detected which per sist throughout cardiac development and in adult hearts, and which provide support for a segmental model of heart tube formation (see Chapter 9). Such left-right (L-R) differences were first detected with (3-galactosi dase reporter genes in transgenic mice containing car diac regulatory elements from different heart-specific genes and have since been extended to a number of en dogenous genes. These findings confirm that left and right cardiac compartments differ in their transcrip tional potential, at least from the time of looping and several days before septation. Transgenes showing regionalization of reporter gene expression in the embryonic myocardium are docu mented in Table II. Regulatory sequences from the pro moter and enhancers of the cardiac a-actin gene direct preferential expression of a reporter gene encoding nu clear localizing (3-galactosidase (nlacZ) in the primitive left ventricle and right more than left atrium of the heart (Biben et aI., 1996). This pattern is also seen with the fast alkali myosin light chain 3F (MLC3F) promoter and 3' enhancer, which is transcribed in cardiac as well as skeletal muscle, although the MLC3F protein does not accumulate in the former (Kelly et aI., 1 995). A com plementary pattern is seen with other transgenes con trolled by upstream sequences from the regulatory myosin light chain MLC2 V (Ross et al., 1 996), desmin (Kuisk et aI., 1 996), dystrophin (Kimura et aI., 1 997), or SM22a genes (Moessler et aI., 1 996; Li et aI., 1996; Kim et aI., 1 997), and by sequences flanking the hd! trans gene insertion site (Yamamura et aI., 1 997). These trans genes are expressed predominantly in the primitive
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 right ventricle and adjacent OFT. In Fig. 3 expression of an MLC3F-nlacZ-2E transgene (Kelly et aI., 1 995) in the left ventricle and right atrium of the embryonic heart is compared with the right ventricular and OFT expression of a desmin transgene (Kuisk et al., 1996). Regionalized (3-galactosidase expression reflects regional ized distribution of nlacZ transcripts, confirming that this regulation is at the level of transcription (Fig. 4a; Kelly et aI., 1995). Furthermore, since the regionalized expres sion profiles are reproduced in different lines containing the same constructs, the cis-acting regulatory sequences included in the transgenes are likely to be responsible for the regionalization of reporter gene expression. Right-left asymmetry of transgene expression is not an absolute phenomenon in that some labeled cells can be detected in the neighboring negative cardiac com partments, although for some transgenes the boundary between expressing and nonexpressing domains is sharper than for others. Another important distinction between different regionalized cardiac transgenes is the temporal progression of regionalization: In some cases expression is extinguished during fetal development (e.g., the SM22a and hd! transgenes; Moessler et al., 1 996; Yamamura et aI., 1997), whereas in other cases the profile remains essentially the same from embryonic to adult stages. For example, in adult hearts of MLC3F-nlacZ-2E transgenic mice myocardial cells of the left ventricle and septum are (3-galactosidase positive, and only a few positive cells are occasionally observed in the free wall of the right ventricle; expres sion in the right atrium is significantly more pronounced than that in the left atrium (Fig. 5; Kelly et aI., 1995). This is the same overall pattern of transgene expression as that seen at ElO.5 (Fig. 3). The precise extent of this labeling varies between individual mice within one transgenic line, suggesting that the exact position of the myocardial fiber-containing cells which have activated the transgene differs from mouse to mouse. Interest ingly, in the embryonic heart of MLC3F-nlacZ-2E mice the myocardium in the AVC region is also positive, demonstrating continuity of transgene expression be tween the primitive left ventricle and right atria (Fig. 3d). This continuum of expression may define a "primi tive myocardium" predating the acquisition of a pul monary circulation. At what stage is the regionalization of transgenes first detectable in the embryonic mouse heart? In most reported cases this would appear to be from the stage when cardiac looping is first initiated. In the case of the MLC3F-nlacZ-2E transgene, marked regionalization emerges after looping (at E9), although the transgene is expressed from E7.5 (Franco et aI., 1 997). Regional differences in transgene expression which emerge at the time of looping may reflect an underlying positional
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 Note: Reporter gene expression data for transgenes regionalized in the embryonic mouse myocardium (approximately E 1 0.5). Regionalized expression levels are graded (in the case of a-cardiac actin and MLC2V transgenes, lower expression represents the extension of transgene expression into adjacent domains in a subset of transgenic lines). Relative expression levels are graded as follows:
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 /'
 
 Ave
 
 LV Fig u re 3 Two transgenes showing complementary regionalized expression patterns in the embryonic myocardium. (a and c) A desmin-lacZ transgene is expressed in the embryonic right ventricle (RV) and outflow tract (OFf) as visualized by whole mount X-gal staining of an iso lated heart at ElO.5 and X-gal staining of a cryostat section at E1l.5 (Kuisk et ai., 1996). The em bryonic left ventricle (LV) and left atrium (LA) are j3-galactosidase negative. (b and d) The MLC3F-nlacZ-2E transgene is expressed in the right atrium (RA) and left ventricle (E10.5 whole mount and E1l.5 section); there are a few j3-galactosidase-positive cells in the left atrium; the embryonic right ventricle and OFf are j3-galactosidase negative (Kelly et ai., 1995). Note con tinuity of MLC3F-nlacZ expression along the atrioventricular canal (AVe) between the right atria and left ventricle (arrow). Both transgenes are expressed in skeletal muscle at this stage (ar rowheads). Scale bar 200 f.Lm. [Panels a and c reproduced from Developmental Biology (1996) 174, 1-13 by permission of Academic Press.] =
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 for some markers (including the MLC2V transgene; Ross et aI., 1 996). Detailed direct comparison of dif ferent transgenic lines is required to address this issue.
 
 A. Left a n d R i g h t Card i ac Com part ment s : Reg i o n a l i zed E n d o g e n o u s G e n e Ex p re s s i o n
 
 /'
 
 RV
 
 Figu re 4 In situ localization o f nlacZ and atrial natriuretic fac tor (ANF) transcripts in MLC3F-nlacZ-2E transgenic hearts. (a) At E14.S nlacZ transcripts are confined to the right atrium (RA) and left ventricle (LV), with low-level expression in the left atrium (LA), confirming that regionalized l3-glactosidase expression reflects re gionalized transcription. Virtually no nlacZ transcripts are observed in the right ventricle (RV). (b) ANF transcripts are expressed pre dominantly in the atria but are also detected in the ventricles, where they are present at a higher level in the left than right chamber; at E14.S ANF transcripts accumulate exclusively in the trabeculated component of the ventricles (arrowhead). Note that nlacZ and ANF transcripts are absent from the caval veins (arrows). Scale bar 400 J,Lm. =
 
 prepattern rather than arising de novo; lack of early re gionalization is consistent with the observation that most early cardiac markers are broadly expressed in the embryonic mouse myocardium. In Fig. 6, E7.7S hearts from desmin (right ventricular dominant, Kuisk et aI., 1996) and MLC3F-nlacZ-2E (left ventricular dominant expression) transgenes are compared. The anterior region of the as yet unlooped heart tube ap pears to express the desmin transgene at a higher level than the MLC3F-nlacZ-2E transgene, suggesting that regionalization may initiate at this early stage, at least
 
 Observations with transgenes which are regionally expressed in the heart confirm and refine the finding emerging from other transgenic studies that the expres sion of a gene in diverse cell types or at different times during development is under the control of separable cis-acting elements. Thus, expression of a gene tran scribed throughout the heart may be the product of sev eral different regulatory elements, each active in a spe cific myocardial subdomain. The endogenous MLC2V, desmin, and SM22a genes are known to be expressed in the entire ventricular compartment (and atria, for desmin and SM22a); elements conferring left ventricu lar expression of the endogenous MLC2V gene, for ex ample, must therefore be absent from the 2S0-base pair (bp) promoter included in the transgene. Speculatively, these transcriptional subdomains may reflect the in creasing complexity of heart anatomy during vertebrate evolution, such that recently evolved chambers or heart structures invoke transcriptional pathways which differ from those controlling gene expression in more "primi tive" regions of the heart. There are, however, a number of endogenous genes which have been shown to be ex pressed, at least transiently, in a differential manner be tween left and right sides of the heart. These include the atrial natriuretic factor (ANF) gene, which is expressed in embryonic ventricles and atria and which becomes restricted to the atria during fetal development. During embryonic development ANF transcripts accumulate in the left ventricle to a higher level than in the right ven tricle (Fig. 4b; Zeller et aI., 1987); ANF transcripts are further regionalized since they are expressed at a high level in the ventricular trabeculae and at a low level in the compact myocardium, supporting the idea that these regions have distinct transcriptional properties (Fig. 4b). A low level of ventricular ANF is detectable in the adult heart (1 % of atrial levels), and this is detected predominantly in the left ventricle (Gardner et at., 1986). The onset of transcription of the M-isoform of creatine phosphokinase (MCK) at E12.S in the mouse embryo is more pronounced in the right ventricle than in the left, with expression subsequently extending to the entire myocardium (Lyons et aI., 1991; Lyons, 1994); MCK protein also accumulates in the right ventricle be fore the left ventricle in the developing rat heart (Has-
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 Figure 5 MLC3F-nlacZ-2E transgene expression in the adult heart. (a) External view of X-gal-stained heart: I3-Galactosidase is ex pressed predominantly in the left ventricle (LV) and right atrium (RA), with low-level expression in the left atrium (LA). I3-Galactosidase expression is excluded from the right ventricle (RV). (b) An X-gal stained cryostat section illustrates that the interventricular septum (S) is composed of transgene expressing and nonexpressing (arrowheads) regions on the left and right ventricular faces, respectively; nlacZ positive nuclei are observed in the left but not in the right free ventricular wall. Scale bar 500 !Lm. Panel a reproduced from Kelly et at., The Journal ofCell Biology (1995) 129, 383-396, by copyright permission of the Rockefeller University Press. =
 
 Fig u re 6 Comparison of desmin-lacZ (a; Kuisk et at., 1996) and MLC3F-nlacZ-2E (b; Franco et at., 1997) transgene expression in X gal-stained E7.75 embryos, showing l3-galactosidase-expressing car diomyocytes in the unlooped heart (HT). N, notochord; HF, headfold; A, amnion; YS, yolk sac. [Reproduced from Developmental Biology (1995) 174, 1-13 (panel a) and (1997) 188, 17-33 (panel b) by permis sion of Academic Press.]
 
 selbaink et aI., 1 990). The development of whole mount in situ hybridization facilitates visualization of L-R dif ferences which might be missed using in situ hybridiza tion on tissue sections. An example is the MLC2A gene (see Chapter 15), which exhibits stronger expression in the right ventricle than the left prior to restriction to the atrial compartment and OFT during embryonic devel opment (D. Franco, R. G. Kelly, and P. Zammit, unpub lished observations) . Other endogenous mouse genes expressed in a L-R regionalized manner at the looping stage include the transcription factors e-hand and d hand (see Chapter 9). Most endogenous genes which have been shown to be regionalized are differentially expressed only transiently, and the fraction of endoge nous genes which display L-R differences in the mature mouse heart remains to be determined. Immunofluo rescent studies of MHC isoform distribution within the
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 rat and rabbit heart have revealed differences i n the fre quency of aMHC-Iabeled fibers between right and left ventricles; cellular heterogeneity within the ventricular myocardium may therefore be a general feature of the mammalian heart (Gorza et aI., 1 981; Sartore et aI., 1 981; Bougnavet et aI., 1 984; Litten et aI., 1 985).
 
 B . F u rt h e r Reg i o na l i zati o n : The O FT a n d Oth e r Myocard i a l Tra n sc r i pt i o n a l Com part m e nts In addition to revealing L-R transcriptional differ ences in the embryonic heart, regionalized trans gene and endogenous gene expression patterns provide evi dence for further levels of subcompartmentalization within the myocardium. The outflow tract, for example, appears to be a distinct transcriptional compartment of the embryonic heart: a second MLC3F transgene in cluding the MLC3F promoter and an intronic enhancer element (MLC3F-nlacZ-9) expresses nlacZ in the en tire embryonic myocardium except for the OFT and 1FT (Fig. 7a and 7b; Franco et aI., 1 997). In the early heart tube, prior to E9, this transgene is expressed
 
 throughout the myocardium with a similar distribution to the MLC3F-nlacZ-2E transgene (Fig. 8; Franco et aI., 1997). As suggested previously, looping is therefore followed by restriction of regional transcription along the A-P axis of the heart, possibly by cranial addition of non-transgene-expressing anterior myocardium (Vinigh and Challice, 1973; Arguello et aI., 1 975). Further evi dence for the OFT being a distinct transcriptional do main comes from analysis of a slow troponin I(TnIs) CAT transgene which is expressed in the embryonic heart, although at a low level in the ventricles, and not in the OFT; the endogenous gene, in contrast, is ex pressed throughout the embryonic heart, including the OFT (Zhu et al., 1 995). Specific regulatory sequences required for TnIs transcription in the OFT are presum ably absent from this transgene construct. A subset of endogenous cardiac genes are differentially expressed across the OFT-right ventricle (RV), boundary, includ ing MLC2A (expressed in the atria and OFT; Fig. 7c) and MLC2V [expressed in both ventricles and at low levels in the OFT (Fig. 7d); Franco et aI., 1 998a). In the chick, smooth muscle a-actin, which is initially expressed throughout the heart tube, becomes restricted to the OFT after looping (Ruzicka and Schwartz, 1988).
 
 Figu re 7 The outflow tract (OFT) is a distinct transcriptional compartment. (a) X-gal stained cryostat section showing J3-galactosidase activity in MLC3F-nlacZ-9 transgenic em bryos in the atria (A) and ventricles (RV) but not in the OFT at E14.5; arrowheads denote 13galactosidase negative myocardial cells of the OFT. (b) J3-Galactosidase regionalization reflects the distribution of nlacZ transcripts detected by in situ hybridization. There is a sharp bound ary between transgene expressing and nonexpressing cardiomyocytes (arrows). (c) MLC2A transcripts are localized in the atria and OFT but not in the ventricular compartment. (d) MLC2V transcripts, in contrast, are expressed at a high level in the ventricles and lower level in the OFT. Scale bar 200 fLm. =
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 A Figu re 8 Comparison of MLC3F-nlacZ-2E (a) and MLC3F-nlacZ-9 (b) transgenes in the looped heart at E8.S. I3-Galactosidase expression is similar in these two X-gal-stained embryos, despite later divergence in expression patterns. The MLC3F-nlacZ-9 transgene, unlike the MLC3F-nlacZ-2E transgene, is expressed in the embryonic right ventricle at later stages of car diac development (see Figs. 3 and 7). OFT, forming outflow tract; V, primitive ventricle; A, future atrial region.
 
 Other genes show more subtle regionalization of ex pression within the myocardium. Examples include the transient restriction of carbonic anhydrase II expression to an anterior domain of the left ventricular wall (Vuillemin and Pexeider, 1 997) and the expression of a subset of genes in the myocardium overlying the atri oventricular region of the embryonic heart, including Bmp4 and desert hedgehog (Jones et al., 1991; Bitgood and McMahon, 1995). Another example of regionaliza tion of transgene expression is provided by a chick GATA6-lacZ construct which is expressed exclusively in the AVe of embryonic transgenic mouse hearts (He and Burch, 1 997). Interestingly, a larger GATA6 trans gene is also expressed in the RV (He and Burch, 1997), and the endogenous gene is expressed throughout the myocardium (Morrisey et at., 1997). This provides fur ther evidence for a modular basis of transcription for a gene expressed throughout the myocardium. The car diac inflow region is also composed of distinct gene ex pression domains: Analysis of different MLC3F-nlacZ transgene constructs reveals at least four transcriptional domains at the venous pole of the developing heart (Franco et at., 1 998b). ANF transcripts accumulate in atrial myocytes but not in the myocardium of the caval or pulmonary veins (Fig. 4), whereas other cardiac markers, including MLCIA and aMHC, are expressed
 
 in the caval and pulmonary myocardium from fetal stages (Lyons et al., 1 990; Jones et at., 1994). What is the functional significance of this extensive transcriptional subcompartmentalization within the heart? In special ized regions of the embryonic myocardium, such as the AVe or OFT, transcriptional differences probably re flect the different contractile and conductive properties of these regions or the role of these regions in endocar dial cushion development (Moorman and Lamers, 1 994; Eisenberg and Markwald, 1 995). It remains to be seen to what extent further regionalization of gene expres sion is functionally important for the physiological re quirements of the developing myocardium. The func tional requirements of left and right ventricles are clearly different in postnatal hearts, and the regional expression of genes encoding sarcomeric proteins or muscle-specific enzymes may reflect such differences. Furthermore, each ventricular and atrial compartment is characterized by different anatomical regions in the mature heart and has specific inlet and outlet connec tions; such a degree of differentiation is likely to require multiple subdomains of gene expression which may be prefigured in the fetal and embryonic heart. It appears likely that continued analysis of new transgenic lines will uncover further levels of subcompartmentalization within the developing heart.
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 IV. Myocard i a l Reg iona l i zation: Anterior-Posterior and Left-Right Patte r n i n g The above profiles o f transcriptional regionalization in the developing heart are underscored by substan tially earlier patterning events. Evidence for this comes from embryological analysis of the early events of heart tube formation and investigations into the time of spec ification and determination of anterior and posterior re gions of the early heart tube, largely in avian systems. There are two temporally distinct inputs into regional ization of the early heart: patterning of precardiac cells along the A-P axis and the subsequent interpretat!on of L-R positional information which leads to loopmg of the heart tube.
 
 A. A Rostrocaudal Pre patte rn There is substantial evidence that the embryonic heart is patterned along the A-P axis. The heart tube forms predominantly in a rostrocaudal sequence by ad dition of precardiac material at the posterior end (Pat ten, 1 922; DeHaan, 1 963; Rosenquist and DeHaan, 1 966), although there is also a significant extension of the myocardium at the arterial pole of the early heart tube (Vinigh and Challice, 1 973; Arguello et ai., 1975). Myocardial differentiation within the heart tube also occurs in a craniocaudal gradient (Litvin et ai., 1 992; Han et ai., 1992), and precardiac cells have been shown to progress from a caudal BrdU- and TPA-sensitive to rostral insensitive state, indicative of ongoing differen tiation along the A-P axis of the early heart (Gonzalez Sanchez and Bader, 1990; Montgomery et ai., 1 994). The precardiac splanchnic mesoderm develops as a coherent mesothelium in both chick and mouse embryos (Rosen quist and DeHaan, 1 966; Manasek, 1968; Kaufman and Navaratnam, 1 981; De Ruiter et ai., 1992). The A-P po sition of cells within this sheet is likely to be maintained until differentiation, suggesting that defined regions in the heart tube are prefigured by boundaries in the pre cardiac mesoderm (Stalsberg and DeHaan, 1969). In deed, different regions of the tubular heart (OFf, ven tricles, atria, and 1FT) have been shown to originate from a series of subdivisions along the A-P axis of the precardiac mesoderm (Stalsberg and DeHaan, 1969). Rostrocaudal position may in fact be specified at the time of gastrulation since the order in which prospec tive cardiogenic cells migrate through the primitive streak correlates with their position along the A-P axis of the heart tube (Garcia-Martinez and Schoenwolf, 1993; see Chapter 1). These cells, however, are not irre versibly committed to their respective rostrocaudal fates
 
 until differentiation (Inagaki e t ai., 1993). Th e earliest physiological manifestation of A-P differences in the heart is an intrinsic gradient in beat rate at the onset of contractility (DeHaan, 1 963; Van Mierop, 1966). Ex plants from caudal (prospective sinus venosus) p�ecar diac cells beat faster than more rostral explants (m ad dition, the left caudal pacemaker region beats faster than the right; DeHaan, 1 963; Satin et at., 1988). Elegant transplantation experiments in chick embryos have shown that beat rate is determined by regional cues from tissue surrounding the precardiac mesoderm, and therefore that prior to differentiation the mesoderm is not stably coded for future beat rate (Satin et ai., 1988), consistent with the observation that the rostrocaudal fate of postgastrulation precardiac cells is labile (Inagaki et ai., 1993). The source of positional information out side the premyocardiac cells remains to be determined, but the adjacent endoderm may play a role in A-P pat terning, and signals may be propagated by planar and vertical means (see Inagaki et at., 1993). The precise cor relation between A-P position and the emergence of different cardiac lineages (atrial and ventricular cells) remains to be established. Mouse embryonic stem cells, which are derived from pregastrulation embryos, will differentiate into embryoid body aggregates containing a diversity of cell types including cardiomyocytes, among which both atrial and ventricular phenotypes can be identified (Maltsev et ai., 1993). No positional informa tion is available for cells within embryoid bodies, and, at least in this case, cell-cell interactions are likely to play an important role in lineage diversification. In summary, the rostrocaudal patterning of precar diac cells may be specified at the time of gastrulation but not irreversibly determined until differentiation. The acquisition of subregional positional information along the A-P axis of the early heart, resulting in the re stricted expression domains later revealed by trans genes, may arise at the same stage of development as the acquisition of anterior (atrial) or posterior (ventric ular) identity. Isolation of subregional markers in the chick heart will address the issues of the developmental stage at which future left and right precardiac popula tions become specified and whether these populations represent different cardiac lineages.
 
 B . Ante r i o r-Poste r i o r Patte rn i n g : T h e Rol e o f Ret i n oic Acid Th e importance o f positional information along the A-P axis of the heart is further suggested by experi ments with retinoic acid (RA), which is known to per turb patterning along the A-P axis of the embryo (Durston et ai., 1 989; Kessel and Gruss, 1991). Normal
 
 1 9 Reg i o n a l i zati o n of Tra n s c ri p t i o n a l Pote n ti a l cardiac development in rats exhibits a stage-dependent requirement for vitamin A (Wilson and Warkany, 1949), and RA treatment of early embryos causes severe car diac malformations in diverse species, including dele tion or ablation of cardiac tissue or perturbed precar diac cell migration leading to cardiac bifida (Osmond et al., 1991; Stainier and Fishman, 1992; Drysdale et al., 1994; see Chapter 13). In the zebrafish, RA exposure perturbs the A-P axis of the heart at doses which do not affect the rest of the body axis (Stainier and Fishman, 1992). These authors noted a continuous gradient of RA sensitivity along the A-P axis of the zebrafish heart such that increased exposure to RA caused the sequential and progressive deletion of cardiac compartments, af fecting anterior-most compartments first (OFT at low doses and then the ventricle, atria, and sinus venosus; Stainier and Fishman, 1 992). Partially deleted chambers were also observed, suggesting the A-P polarity within the early heart tube is to some extent independent of atrial or ventricular assignment (Stainier and Fishman, 1992). Application of RA to chick embryos has a poste riorizing effect on the cardiac tube, increasing the ex pression domain of the atrial myosin heavy chain AMHC1 and subsequently leading to a range of cardiac malformations (Yutzey et al., 1 994; Osmond et al., 1 991; Dickman and Smith, 1996). These experiments suggest, consistent with the findings in zebrafish embryos, that sensitivity to RA is greater at the arterial than the ve nous pole. Yutzey et al. (1994) proposed that the in crease in atrial myogenic cells reflects a conversion of myocytes from one myocardiac lineage (anterior and ventricular) to another (posterior and atrial). This is supported by the finding that ventricular to atrial con version by RA can occur in explanted cardiac tissue up to the time of myocardial differentiation (Yutzey et al., 1995). RA activity is mediated by multiple receptors, and simple and compound RA receptor mutant mice have been shown to exhibit cardiac malformations, in cluding ventricular, OFT, and aortic arch defects (Mendelsohn et al., 1994; Sucov et al., 1 994; Kastner et al., 1997). Many RAR and RXR mutants exhibit neural crest defects which are likely to repercuss on the heart at the level of formation of the great arteries and out flow septum. Combinations of RAR and RXR muta tions, however, result in selective defects in particular cardiovascular compartments, suggestive of differential expression or function of RA receptors in different do mains of the developing heart (Lee et al., 1997). The ef fect of RA on patterning of the embryonic A-P axis is associated with perturbation of homeobox gene expres sion (McGinnis and Krumlauf, 1992). Homeobox genes provide positional identity within the embryo and are therefore promising candidate genes which might medi ate A-P patterning within the heart (Kern et al., 1995;
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 Thomas and Barton, 1997). N o detailed studies of clus tered homeobox gene expression in the myocardium have been reported. A subset of these genes, however, including members of the Hoxa cluster, are known to be expressed in the embryonic heart (Gaunt, 1 988; Patel et al., 1992). Whereas most single Hox mutations have no cardiac defects, Hoxa-5 mutant mice do exhibit cardiac malformations; however, these malformations may be secondary to pharyngeal arch perturbations (Chisaka and Capecchi, 1991).
 
 C. Ante r i o r-Poste ri o r Patte rn i ng : A Seg m e nted E m b ryon ic H e a rt Consistent with the transient organization of the de veloping heart along the A-P axis and the effect of RA on heart development, a number of embryological ex periments in the chick have led to a segmental model of heart tube formation (De la Cruz et al., 1977, 1989; Stalsberg and DeHaan, 1969). According to these in vivo labeling experiments using iron oxide particle, in dian ink, and radioactive markers, the embryonic heart develops sequentially along the A-P axis, with primitive cardiac segments, or regions, being added successively, predominantly in a caudal direction but also anteriorly. The acquisition of regional identity is likely to be influ enced by the time at which particular cardiac segments are added to the growing heart. The first region of the heart tube to be formed is the apical region of the right ventricle, followed by the apical region of the left ven tricle (De la Cruz et al., 1 989). Future left and right ven tricles therefore lie in series rather than in parallel in the early heart tube (De Vries and Saunders, 1962). The heart extends by addition of myocardium contributing to adjacent heart regions: the OFT cranially and the AVC and atria caudally (Vinigh and Challice, 1973; Arguello et al., 1975). The expression patterns uncov ered by regionalized transgenes are consistent with this segmental model of heart development, by which em bryological units of the early heart tube contribute not to entire cardiac chambers but to specific anatomical subregions of the definitive heart (De la Cruz et al., 1989). Support for a segmental model of heart development comes from the analysis of mutant zebrafish and mice with cardiac patterning defects. Chamber-specific de fects in zebrafish hearts have emerged in large-scale mutation screens, and phenotypes include deletion of the ventricular chamber in lonely atrium and pandora mutants and development of the ventricle within the atria in the axial patterning heart and soul mutation (Chen et al., 1 996; Stainier et al., 1 996); certain zebrafish contractility mutants also show regionalized pheno types specific to atrial or ventricular chambers. The
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 mouse hdf insertional mutation i s characterized b y fail ure of the right ventricle and outflow tract to develop correctly from the looping stage, consistent with abnor mal development of the most anterior segment of the primary heart tube (Yamamura et at., 1997). Overex pression of genes on mouse chromosome 13, where the hdfmutation is located, can result in double-outlet right ventricle, a defect associated with incorrect develop ment of the first segment (Vuillemin et ai., 1 991). The hdf and zebrafish mutations support a segmental model of cardiac development by which the embryonic heart tube is generated by the progressive addition of distinct segments under separate genetic control.
 
 D . Left-Ri g h t Patte rn i ng The second input into regionalization within the em bryonic heart, namely L-R asymmetry (laterality), is su perimposed on the A-P patterned heart tube prior to looping. It is important to distinguish embryonic L-R asymmetry from later L-R chamber identity. Stalsberg (1969) showed that the contribution of the right and left precardiac fields to the chick heart tube varies along the rostrocaudal axis such that the right side dominates ros trally and the left side caudally, possibly due to an asym metry in cell number between the two cardiac primor dia. Transcriptional regionalization emerging at the time of looping is therefore likely to have inputs from both rostrocaudal and L-R patterning processes. The time at which chick precardiac mesoderm cells acquire L-R positional information is subsequent to the acqui sition of rostrocaudal information (Hoyle et ai., 1 992). Looping takes place with an initial leftward displace ment of the heart tube axis due to asymmetric develop ment of the caudal region of the heart, which precedes overt rightward looping (Biben and Harvey, 1 997). The heart also rotates along the A-P axis at looping such that the ventral wall is derived predominantly from the left pre cardiac field. The first manifestation of L-R asymmetry in the mouse heart may be mediated by genes encoding sig naling molecules such as nodal and lefty, which show left-handed expression in lateral mesoderm, extending cranially up to the level of developing progenitors of the caudal heart tube (Meno et at., 1 996; Collignon et at., 1996). In mouse mutants (iv and inv) with situs inversus phenotypes the expression of these genes is either ran domized (iv) or right-sided only (inv), resulting in aber rant heart looping and inverted cardiac laterality (King and Brown, 1 997; Levin, 1997; see Chapters 21 and 22). The notochord is likely to play a critical role in the ini tial setting up and maintenance of L-R asymmetry in addition to a role in patterning the A-P and dorsoven-
 
 tral axes (Danos and Yost, 1996; Lohr et at., 1997). In the zebrafish, BMP4 expression is asymmetric at the time of initiation of fusion of the heart tube and is located on the left-hand side of the sinoatrial region of the heart tube prior to looping; BMP4 expression, and the subse quent direction of looping, is perturbed in zebrafish no tochord mutants (Fishman and Chien, 1997). A number of extracellular matrix proteins are asymmetrically ex pressed in the chick precardiac mesoderm and may con tribute to the process of asymmetric heart looping. These include hLAMP1 and flectin in the left precar diac mesoderm and a fibrillin-related protein JB3 and QHI in endocardial endothelial cells on the right side (Tsuda et at., 1996; Sugi and Markwald, 1996; Smith et at., 1 997). Interestingly, RA beads implanted adjacent to the right precardiac field randomize the direction of looping and perturb hLAMP1 and JB3 expression; left side RA application induces laterality defects only at high concentrations (Smith et at., 1997). Thus, the re gionalized expression profiles of a subset of genes in the precardiac mesoderm and the early heart tube are me diated by laterality signals. Laterality is also likely to in fluence the restriction of initially A-P-oriented expres sion domains, in particular in refining expression across the inner and outer curvature of the looped heart. Regionalized patterns of gene expression within the myocardium thus result from differential read out of a previously established positional code, which is the product of an overlap between regionalization along the rostrocaudal axis and regionalization as a result of laterality signals. The time at which transcriptional re gionalization emerges varies considerably among dif ferent myocardial markers and between species. For most myocardial markers regionalization occurs after the onset of looping and can occur substantially after looping, as in the case of the transient right ventricular expression of MCK transcripts at E12.5 (Lyons, 1994). The relative importance of A-P and L-R patterning dif fers in different regions of the embryonic heart. Left and right ventricular identity is clearly defined by initial position along the A-P axis. In contrast, the role of laterality appears to be important in determining left and right atrial identity since a significant proportion of iv/iv embryos exhibit atrial isomerism (two right or two left atria), based both on morphological evidence (Seo et ai., 1992) and MCL3F-nlacZ-2E transgene ex pression pattern (D. Franco, R. G. Kelly, M. Bucking ham, and N. Brown, unpublished observations; see Chapter 25). An interesting possibility is that the differ ential input of A-P and L-R axes into ventricular and atrial sidedness reflects the stage at which these differ ent cardiac compartments are incorporated into the growing heart tube.
 
 1 9 Reg i o n a l i zati o n of Tra n s c r i pt i o nal P otential V. The M o l ecular Bas i s o f Reg ional i zation Regionalization along the A-P axis of the heart ap pears to be predominantly achieved at the transcrip tional level, although posttranscriptional mechanisms are known to contribute to the control of cardiac gene expression (Gorza et aI., 1 993). The distribution of p galactosidase in MLC3F-nlacZ-2E hearts mirrors the regionalization of nlacZ transcripts confirming that these subdomains of p-galactosidase activity reflect dif ferences in transcriptional potential (Fig. 4a). The fol lowing is therefore a key question: What are the tran scriptional activators and repressors which mediate regional gene expression within the myocardium? Two major approaches to identify these transcription factors are being followed: the definition of cis-acting elements (and trans-acting factors) in the regulatory regions of asymmetrically expressed transgenes, and the mapping of expression patterns and functional analysis of genes important for transcription in cardiomyocytes or which are known to mediate positional information (such as homeobox genes). Recently, research has focused on four families of transcription factors which have been implicated in combinatorial regulation of cardiac gene expression: homeodomain-containing proteins of the Nkx family, basic helix-loop-helix (bHLH) E box binding factors e- and d-hand, MADS proteins MEF2 and SRF, and zinc finger-containing proteins GATA-4, -5, and -6 (Olson and Srivastava, 1 996; Lyons, 1 996).
 
 A. C i s-Acti n g E l e m e nts from Reg i o n a l i ze d Tra n s g e n e s Of the transgenes which show regionalization in the heart, analysis of transcription factor target sites has been carried out in vivo in three cases. Whereas a 250-bp mouse MLC2 V promoter confers right ventricu lar expression on a lacZ reporter gene in vivo, none of the trans-acting factors which interact with this se quence has been reported to show regionalization within the myocardium. An E box motif, which is bound by the transcription factor USF, has been shown to be required for promoter activity in ventricular muscle of transgenic mice (Ross et aI., 1 996). A 28-bp region of the MLC2 V promoter, containing HF1a and HF1b/MEF2 sites (but not the USF-binding E box motif), confers ventricular specificity on a lacZ reporter gene driven by a minimal promoter sequence, maintaining preferential transgene expression in the right ventricle (Ross et aI., 1996). Members of the MEF2 family and a novel cofac tor of HF-1 a, cardiac ankyrin repeat protein (CARP),
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 are, however, all expressed throughout the myocardium (Zou et al., 1 997). MEF2 has also been implicated in the right ventricular regionalization of desmin transgene expression since cardiac muscle expression requires a MEF2 site (see Chapter 8). An adjacent E box, however, which is necessary for skeletal muscle expression, is dis pensable in the heart, with cardiac transgene expression remaining regionalized (Kuisk et al., 1 996). Thirdly, a serum response element (SRE), a target of serum re sponse factor (see Chapter 16), has been shown to be es sential for expression of an SM22a transgene in cardiac and smooth muscle (Kim et aI., 1 997; Li et aI., 1 997). Since mutation of the E box in the MLC2 V promoter, the MEF2 site in the desmin promoter, and the SRE in the SM22a promoter all abolish cardiac transgene ex pression, it is not possible to assess the role of these ele ments in regionalization per se, as opposed to their role in heart-specific expression. The sequences specifically important for regionalization, such as a target site for a left or right ventricular repressor, could lie elsewhere in these constructs. The HF-1a and HF1b/MEF2 element, in contrast, must itself confer regionalization and is thus a promising target of further research.
 
 B . Card i ac Tra n s c r i p t i o n Factors: Ex p re s s i o n Patte r n s The expression profiles of members of transcription factor families which play a role in myocardial tran scription have been extensively analyzed and, to date, at the transcript level, only three have been documented to show regionalization within the myocardium. These are e- and d-hand in the mouse heart and Nkx2.8 in the chick (Biben and Harvey, 1997; G. Lyons, personal com munication; Srivastava et aI., 1997; B oettger et aI., 1 997; Brand et aI., 1 997; Reecy et al., 1 997; see Chapters 7, 9, and 1 6). Although their role as transcription factors re mains unproven, e- and d-hand have a bHLH domain which would permit binding to E box motifs present in the regulatory regions of many cardiac genes. In the de veloping mouse hearte-hand transcripts are present in the left-hand caudal myocardium from the onset of looping; Fig. 9 illustrates the differential expression of e hand in the embryonic ventricle at ElO.5. This pattern is superimposed on an earlier symmetrical expression of the gene (Biben and Harvey, 1 997). Left handed e-hand expression is downstream of laterality signals since it is reversed in mirror-image (inv) mouse hearts, and e-hand is therefore a candidate molecule for interpret ing laterality signals which drive heart looping to the right (Biben and Harvey, 1 997). In addition to a role in looping, e-hand may also, as a transcription factor, be re sponsible for left-handed regionalization of transgene
 
 348
 
 VI H eart Patte rn i n g : The Ante ri o r-Poste r i o r Ax i s
 
 expression domains o f clustered Hox genes are present in the heart.
 
 C . Card i ac Tra n s c r i pt i o n Facto rs : F u nctional Analys i s
 
 Figu re 9 In situ localization of e-hand transcripts i n the embry onic heart at ElO.5. Bright field (a) and dark field (b) images show ing e-hand expression in the embryonic left ventricle (LV) but not the embryonic right ventricle (RV). e-hand is also expressed in the peri cardium (P). Scale bar 200 fLm. =
 
 expression, presumably acting directly or indirectly through regulatory sites in the transgenes. d-hand is also regionalized in the mouse heart, being more concen trated on the right-hand side and the OFf region of the looping heart (Biben and Harvey, 1997; Srivastava et ai., 1 997). Like e-hand, the profile of d-hand expression is dynamic, and both genes are expressed in the septating OFT myocardium at later stages of development. Inter estingly, in the chick heart, e- and d-hand expression profiles overlap more extensively and are not asymmet ric (Srivastava et ai., 1995). Although the homeodomain transcription factor Nkx2.5 is expressed throughout the embryonic heart (Lyons et ai., 1995), transcripts of the related gene, Nkx2.8, are regionalized in the chick heart from the heart tube stage, becoming restricted to OFf and atria and subsequently to extracardiac regions in the branchial arches (Boettger et ai., 1997; Brand et ai., 1997; Reecy et ai., 1997). In addition, Brand et ai. (1997) report that Nkx2.8 expression shows a lateral bias in the tubular heart, with transcripts being more abundant on the right side. Nkx2.5 and -2.8 may therefore act combinatorially to confer different transcriptional properties on different regions of the myocardium. Po sitional identity may also be conferred by other home obox genes and it remains to be seen whether nested
 
 The analysis of targeted mutations in cardiac tran scription factor genes has also provided insights into the molecular basis of regionalization in the myocardium. Nkx2.5 mutant mouse embryos have a cardiac looping defect and die at ElO.5 (Lyons et ai., 1 995; see Chapter 7). In support of a possible role for Nkx proteins in re gionalization within the heart, the expression of a sub set of markers is perturbed in the early myocardium of Nkx2.5 null embryos; for example, CARP expression, normally detected throughout the heart tube, is modi fied in a graded manner along the embryonic heart. CARP transcripts are absent from the OFf and down regulated in more caudal cardiac compartments (Zou et ai., 1997). This result was recapitulated with a 2.5-kb CARP promoter in transgenic mice and suggests that despite the equivalent expression of Nkx2.5 along the heart tube, transcription in different cardiac regions is more or less Nkx2.5 dependent. Interestingly, despite this change in CARP expression, the right ventricular dominant expression of MLC2V transgenes is unper turbed in Nkx2.5 mutant mice, showing that regional expression of the MLC2V-iacZ transgene does not re quire complete looping and suggesting that transgene regionalization is the product of restriction along the A-P axis of the heart (Ross et ai., 1996). SM22a expres sion is also regionally perturbed in Nkx2.5 mutant hearts and is lost in the OFf and ventricle and main tained in the IFf and perhaps the atrial region (c. Biben and R. Harvey, personal communication). Nkx2.8 expression does not compensate for Nkx2.5 in pattern ing CARP and SM22a expression. Furthermore, a sub set of downstream cardiac markers are absent in these mutant mice, including the endogenous MLC2V gene and two markers expressed in the left ventricle (ANF and e-hand) , suggesting that Nkx2.5 is essential for acti vation (and possibly regionalization) of these genes (Biben and Harvey, 1997). Mouse embryos mutant for one of the hand proteins, d-hand, have also been generated (see Chapter 9). The phenotype of d-hand null embryos is embryonic lethal due to a severe defect in cardiac morphogenesis-the absence of a right ventricle (Srivastava et ai., 1997). This is the first direct evidence for a cardiac transcription fac tor with a segment-specific role and suggests that d-hand is essential for development of the right ventricular com partment. The remaining ventricle in mutant hearts ex presses e-hand, which is not normally expressed in the right ventricle and cannot therefore compensate for the
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 d-hand mutation, suggesting that these two factors act together to define right and left ventricular identity. In the chick, when expression of both hand genes is abol ished in antisense experiments, heart morphogenesis is blocked at the looping stage (Srivastava et aI., 1 995). Despite the apparently even distribution of MEF2C transcripts within the heart, MEF2C mutant mice ex hibit a phenotype similar to the d-hand mutation, namely, loss of the right ventricle, in addition to the complete absence of an extracardiac vascular system (Lin et aI., 1997). A subset of downstream markers are absent in MEF2C mutant hearts, including ANF tran scripts (which are normally L-R regionalized), whereas others, including MLC2V, are expressed at normal lev els. Other gene products are upregulated in mutant hearts, such as MEF2B (which may lead to partial com pensation). Evidence that heart chambers may be mis specified in MEF2C mutant mice comes from analysis of SM22a transgene expression on the MEF2C mutant background. Whereas this transgene is normally ex pressed in the OFT and RV, it is now expressed in the atria, suggesting that MEF2C contributes to regional ization within the heart (E. Olson, personal communi cation; see Chapter 8). As in the case of the d-hand mu tation, it remains to be seen whether the loss of the right ventricle in MEF2C null mice results from the deletion of myocardiocytes fated to contribute to the RV or the conversion of right ventricular precursors to another cell fate. This question also arises for other mouse and zebrafish mutants in which cardiac compartments are lost and for RA-mediated truncations of the early heart. In the case of the latter, explant experiments strongly suggest that conversion of cell fate is occurring (Yutzey et aI., 1 995). In characterized mouse mutants which have perturbed cardiac compartmentaliza tion, the phenotype becomes apparent at the time of looping (Lyons et aI., 1995; Srivastava et al., 1997; Yamamura et aI., 1 997); this is the stage at which signif icant regionalization of myocardial gene expression is first detected. Continued analysis of these and other cardiac tran scription factors will lead to a clearer definition of the interactions occurring between different transcriptional activators and repressors which contribute to defining regionalization of the myocardium. A key question is how these transcription factors establish, interpret, and integrate the A-P and L-R myocardial prepatterns which anticipate the regionalization of myocardial markers. The basis of transcription factor regionali zation and the mechanism by which transcription fac tors expressed throughout the heart (although in most cases this has been demonstrated only at the transcript level) mediate regionalized gene expression remain unknown.
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 VI. M or phogenetic I m pl ications of Reg iona l i zed Tran scri ptional Potential in the Heart The identification of extensive transcriptional sub compartmentalization within the myocardium is of ma jor significance for our understanding of cardiogenesis. In addition to reflecting transcriptional diversity, which is likely to drive cardiac function and morphogenesis during development, regionalized markers allow the movements of subpopulations of myocardial cells to be examined throughout organogenesis. Although there are obvious caveats in using transcriptional markers to follow the fate of cell populations, where the transgene expression profile appears to be nondynamic, these markers can complement other approaches to identify the contribution of different regions of the embryonic heart to the structure of the fetal and adult heart. Analysis of several transgenic mouse lines listed in Table II has already provided examples of the potential importance of such markers. We will discuss several ex amples of the use of these markers in the analysis of normal and abnormal mouse heart development.
 
 A. Reg i o n a l i z e d M arke rs to Fol l o w N o rm a l Card i ac Deve l o p m e n t MLC3F-nlacZ transgenes have been used t o follow the contribution of transgene-expressing and nonex pressing transcriptional domains to the mature heart during cardiac morphogenesis (Franco et aI., 1 997). As illustrated in Fig. 3d, the MLC3F-nlacZ-2E transgene is expressed in the left ventricle, right atrium, and AVC of the embryonic heart at a stage when the atrial and ven tricular myocardium are contiguous. Subsequently, the atrial and ventricular myocardium become insulated, and �-galactosidase-positive cells are found at the base of the atria; this is particularly clear in the case of the largely nonexpressing left atrium. This region has distinct properties from the rest of the atrial my ocardium, such as slow conduction rates and low con nexin 43 levels (Van Kempen et al., 1996; McGuire et al., 1 996). The pattern of �-galactosidase expression in MLC3F-nlacZ-2E hearts supports a model in which the AVC becomes incorporated into this region of the atria (Wessels et aI., 1 996). A second example of the use of regionalized transgene markers to follow trans gene-expressing and nonexpressing cell populations at different developmental stages is provided by MLC3F-nlacZ-9 mice, which express nlacZ in both ventricles but not in the OFT or 1FT of the embryonic heart. The "fate" of the outflow tract has been the sub ject of extensive debate, and it is not clear to which re-
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 gions of the adult heart it gives rise, despite detailed em bryological and anatomical examination (Pexeider, 1995). Franco et ai. (1997) have shown that the outlet re gion of the adult RV is negative for MLC3F-nlacZ-9 transgene expression (Fig. 10). By monitoring transgene expression through fetal development, these authors observed a [3-galactosidase-negative population of my ocytes in the developing RV, suggesting that the [3galactosidase-negative region in the embryonic heart becomes incorporated into the ventricle as the morpho logical OFT disappears, and contributes to the outlet re gion of the definitive RV (illustrated in Fig. 11); a por tion of the embryonic OFT also contributes to the subaortic region of the LV (Franco et al., 1997). Support for these conclusions comes from the study of trans genes showing a complementary expression pattern (embryonic OFT-positive), such as a MLCIV-nlacZ transgene (R. G. Kelly and M. Buckingham, unpub lished observations).
 
 B. Reg i o n a l ized M arke rs to Fol l ow Ab n or m a l Card i ac Deve l o p m e n t I n addition t o the analysis o f normal heart develop ment, regionalized transgene expression can be used to
 
 follow abnormal heart development by genetic crosses between transgenic mice and particular mouse mutants. Many common cardiac malformations in man arise from defects affecting one or two segments of the em bryonic heart; it is therefore important to assess the contribution of different primitive segments to mal formed heart structures in mouse models. The right ven tricular and OFT regionalized MLC2V-nlacZ trans gene has been studied in RXRa null mutant mice (Ross et ai., 1996). Retinoids have been shown to play an im portant role in cardiogenesis, and the RXRa mutation is characterized by mUltiple heart defects, including ab normal ventricular morphogenesis and misexpression of chamber-specific markers (Sucov et ai., 1994; Dyson et ai., 1995; see Chapter 13). In the RXRa null back ground MLC2V transgene expression is essentially nor mal and shows graded ventricular specificity. Analysis of crosses between L-R ventricular or OFT regionalized transgenes and mice with OFT septation defects such as splotch or Trisomy 16 should also be informative and enable the contribution of left and right myocardiocytes to the defective regions of the heart to be assessed. Atrial isomerism is a feature of human visceral hetero taxy syndrome (Ho et ai., 1991) and occurs at high fre quency in mice with laterality defects such as iv/iv
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 Fig u re 1 0 Expression pattern of the MLC3F-nlacZ-9 transgene in embryonic and adult mouse hearts. (a) At ElO.5 both atria and the embryonic left (ELV) and right (ERV) ventricles are J3-galactosi dase-positive, whereas the outflow tract (OFT) is nonexpressing. (b) In the adult heart, both atria, the left ventricle (LV), and part of the right ventricle (RV) are J3-galactosidase-positive. The outlet region of the right ventricle is J3-galactosidase-negative and may be embryologically derived from the embryonic OFT. This supposition is supported by analysis of fetal transgenic hearts (see Fig. 7 and 1 1 ) . [Reproduced with permission from "Genetic Control of Heart Development" (1997). (E. N. Olson, R. P. Harvey, R. A. Schulz and 1. S. Altman, (Eds.) HFSP, Strasbourg.]
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 F i g u re 1 1 MLC3F-nlacZ-9 transgene expression during embryonic and fetal development and in the adult heart illustrating the absorption of a population of j3-galactosidase myocardiocytes into the right ventricle from the embryonic outflow tract. (a) MLC3F-nlacZ-9 expression is similar to MLC3F-nlacZ-2E expression in the looped heart at E8.S. (b) Expression is subsequently observed in both left and right atrial and ventricular compartments of the embryonic heart, whereas the outflow tract is j3-galactosidase-negative. (c) During fetal development a popula tion of j3-galactosidase-negative myocardiocytes is incorporated into the developing right ventricle. (d) A population of j3-galactosidase-negative myocardiocytes persists in the infundibulum of the right ventricle and in the subaortic re gion of the left ventricle in the adult heart.
 
 where it has previously been detected on a morpholog ical basis (Seo et at., 1992). MLC3F-nlacZ-2E trans genic mice which express nlacZ predominantly in the right atrium (and LV) from early stages of embryogen esis have been crossed with iv/iv mice. In addition to providing insights into the process of determination of cardiac chamber identity, this cross facilitates the iden tification of embryos exhibiting atrial isomerism prior to their identification on morphological grounds (D. Franco, R. Kelly, M. Buckingham, and N. Brown, un published observations; see Chapter 25). These examples indicate the potential provided by regional markers for certain types of morphogenetic analysis during normal and abnormal cardiac develop ment. We have termed transgenic animals which define
 
 subcompartments of the myocardium "cardiosensor" mice in order to emphasize their importance in the fine analysis and consequent understanding of cardiac mor phogenesis. The complicated nature of this process makes it particularly desirable to have markers such as those provided by lacZ transgenes which can be easily visualized, by whole mount detection, in three dimen sions. The use of such regionalized markers to monitor populations of transgene-expressing or nonexpressing cells throughout heart development complements other approaches to heart morphogenesis such as in vivo la beling or classical cell lineage analyses. Cardiosensor mice can therefore contribute significantly to our un derstanding of the complex processes of cardiac mor phogenesis and may also provide valuable insight into
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 the early patterning events which result in the emer gence of different cardiomyocyte populations.
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 I. H eart Formation and Early Atrial and Ventricular Reg ionalization A vertebrate heart consists of two general compart ments-the atria and ventricles-which differ in mor phology and electrophysiology and in the repertoire of muscle contractile protein genes that each expresses (DeHaan, 1 965; !cardo and Manasek, 1992; Lyons, 1 994). Fate-mapping studies of the early chicken em bryo have shown that the precursors to these compart ments are present in the rostral half of the primitive streak at stage 3 just behind Henson's node Heart Development
 
 (Yatskievych et a!., 1997; for review, see Yutzey and Bader, 1995; see Chapter 3). By stage 4, two separated re gions of cardiogenic mesoderm reside on each side of the primitive streak. Within this mesoderm a pattern is es tablished such that the atria will form from the cells in the caudal cardiogenic mesoderm, whereas the ventricles will form from the rostral cardiogenic mesoderm. Between stages 7 and 10, the bilateral regions of precardiac meso derm fuse at the midline to form a tubular heart. Loop ing and a complicated process of cardiac morphogenesis affecting the tubular heart reverse the positions of the rostral and caudal regions such that the atria take up their final rostral position. Septation of the tubular heart, a process that begins independently in the atrioventricu lar canal, primitive atrium, and primitive ventricle, leads to the formation of the definitive four-chamber heart at about stage 30. Thus, by Embryonic (E) Day 6 the primi tive atrium and ventricle of the chicken embryo have been divided into right and left chambers and a four chamber heart emerges (!cardo and Manasek, 1992). Separate atrial and ventricular cell lineages can be identified soon after gastrulation in the chicken embryo (Yutzey et a!., 1995), whereas in the zebrafish embryo diversification of the atrial and ventricular lineages be-
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 gins at the midblastula stage (Stainier and Fishman, 1992). In vivo, the earliest regional difference between conus, ventricular, and atrial precursors can be experi mentally detected by a gradient in the beat rate by stage 5 in chicken embryos (Satin et al., 1988). At this time, the conus, ventricular, and atrial precursor cells are arranged in a rostral-caudal sequence (Fig. 1). When these regions are divided from one another by micro surgery, each region differentiates into a spontaneous beating vesicle with a characteristic beat rate (Fig. 1). The caudal-most vesicle, formed from the region of atrial precursors, has the fastest beating rate followed by the prospective ventricular precursors, whereas the rostral vesicle formed from the region of prospective conus has the slowest rate. These regional differences in beat rate appear to be determined by the positional cues within the embryo between stages 5 and 7 (Satin et al., 1988). That the prospective atria and ventricles are under separate genetic and developmental control is suggested by the lonely atrium and pandora mutations in the zebrafish, in which the ventricular but not the atrial chamber is deleted (J. N. Chen et al., 1996; Stainier et al., 1996; see Chapter 6). Mechanisms for atrial or ventricular lineage diversification are not known.
 
 Pre·conus
 
 Pre·atrium
 
 Beats per minute
 
 Fig u re 1 Detection of differences in precardiac regions of stages 5-7 chicken embryos (Satin el al., 1988). The precardiac mesoderm was divided into three segments: preatrium, preventricle, and pre conus. Each segment forms a separate beating vesicle 24 hr after mi crosurgical separation from the other regions. There is a rostral-cau dal beating rate gradient with the preatrial region being the most rapid and the preconus region beating the slowest.
 
 I I . Developmental Exp ression Patterns of Atrial and Ventricular Cham ber-Specific Genes The regional differences in endogenous gene tran scription between the prospective atria and ventricles begin to emerge after tubular heart formation (Lyons, 1994). Several genes have been identified which are expressed in an atrial or ventricular chamber-specific fashion at some time during vertebrate embryo de velopment (Lyons, 1994). In the adult, a number of atrial-restricted genes have been identified; however, with the exception of AMHCl (Yutzey et al., 1994), all the atrial chamber-specific genes are initially expressed throughout the tubular heart. The timing to reach atrial chamber-specific expression of these genes during de velopment is highly variable. AMHCl, encoding an atrial-specific myosin heavy chain (MyHC), is the earli est atrial-specific marker. AMHCl is first expressed in the posterior region of the fusing chicken heart, the fu ture atrial compartment, by stage 9 before the bilateral regions of cardiac mesoderm have completed fusing into the single primitive tubular heart and prior to the commencement of beating (Yutzey et al., 1994). AMHCl shares high sequence homology to both a- and I3-MyHC sequences (Yutzey et al., 1 994), as does the quail homolog of AMHCl, slow MyHC 3 (Nikovits et al., 1996). In contrast to AMHC1 expression in the chicken, slow MyHC 3 in the quail is initially expressed throughout the tubular heart (Wang et al., 1996). As the heart chamberizes, expression of the slow MyHC 3 gene in the ventricles is downregulated, whereas expression in the atria is maintained. Based on RNA in situ hy bridization and Northern analysis, slow MyHC 3 tran scripts are confined to the atria by E 10 (Nikovits et al., 1996). Another MyHC, recognized by monoclonal anti body F18 (Evans et al., 1988), has atrial chamber specific expression in the E 3 quail embryo (Fig. 2a), a time when slow MyHC 3 is still expressed in the prospective ventricles and outflow track (Fig. 2b). In ze brafish, a myosin heavy chain has been shown to be atrial chamber restricted in its expression at the 26somite stage (Stainier and Fishman, 1 992). In mammals, the earliest gene to demonstrate atrial restriction is myosin light chain 2a (MLC-2a) (Kubalak et al., 1 994; see Chapter 15). Similarly to slow MyHC 3, MLC-2a is initially expressed throughout the tubular heart at E 8 in the mouse embryo and is downregulated in the ventricular segment during chamber formation. The downregulation of MLC-2a in the ventricular chamber is initiated by E 9 and is completed by E 12. In contrast, the MLC-la gene shows relatively late cham ber restriction during mouse development. Downregu-
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 CT v
 
 Fig u re 2 Expression of two atrial chamber-specific MyHC markers in the hearts of the quail embryo. (Left) Slow MyHC 3 is expressed in the primitive right and left atria (A) and at lower levels in the primitive right and left ventricles (V) and conus truncus (CT) as seen by monoclonal antibody NA8 staining (Chen et ai., 1997) of the tubular heart of the E 3.5 quail embryo. (Right) A MyHC, recognized by the monoclonal antibody F 18, is expressed in the primitive atrium (A) but not the primitive ventricle (V) or conus truncus (CT) of the tubular heart of an E 3 quail embryo.
 
 lation of MLC-Ja in the ventricles begins during fetal development but detectable levels are observed in the ventricles even after birth (Lyons, 1994). Although their expression is not strictly atrial cham ber specific, a-MyHC and atrial natriuretic factor (ANF) have been used extensively to study heart development. a-MyHC transcripts are detected at E 8 in the mouse embryo throughout the tubular heart when MLC-Ja and MLC-2a are also first expressed (Lyons, 1994). Lev els of a-MyHC expression in the atria remain high throughout development into adulthood. Initially coex pressed with f3-MyHC in the ventricles, beginning at about E 10.5 a-MyHC expression decreases and reaches its lowest level by E 16.5. Subsequently, a-MyHC ex pression begins to increase again in the ventricle and ul timately replace [3-MyHC in all postnatal ventricular cardiomyocytes (Lyons et al., 1 990). Agents and me chanical stresses that induce cardiac hypertrophy can lead to reexpression of f3-MyHC and upregulation of ANF expression in the ventricles. ANF mRNA is first detected in a subpopulation of cardiomyocytes at E 8 of mouse development (Zeller et aI., 1987). Throughout embryonic and fetal develop ment, ANF is expressed in both atrial and ventricular cardiomyocytes. ANF expression declines rapidly in ventricular cardiomyocytes soon after birth (Argentin et aI., 1 994). However, low levels of ANF transcripts are still detectable in the adult ventricles, amounting to ap proximately 1 % of adult atrial levels, in which ANF transcripts account for 1-3% of all mRNA species (Seidman et aI., 1991).
 
 At specific times during development, expression of MLC-Jv, MLC-2v, and f3-MyHC becomes ventricular chamber specific (Lyons, 1994). All these ventricular markers are activated in both the prospective atria and the ventricles of the E 8 mouse embryo. MLC-2v shows the earliest restriction at E 8.5 and becomes ventricular chamber specific by E 1 0.5 (O'Brien et al., 1 993). f3MyHC is quickly downregulated in the atria at E 9.5 and is ventricular chamber specific by E 10.5 (Lyon, 1994). As noted previously, [3-MyHC is an embryonic form of MyHC and in the ventricles is replaced by a-MyHC soon after birth. Expression of MLC-Jv becomes ven tricular chamber specific by E 13.5 (Lyons, 1994). A feature common to atrial and ventricular chamber specific markers is that they are expressed in both the prospective atria and ventricles at the tubular heart stage. Initially activated by cardiac transcription factors that are expressed throughout the tubular heart, cham ber-specific expression of these markers is achieved by downregulation of the gene in the other chamber. If chamber-specific gene expression is achieved primarily through negative regulation, this raises two important points. First, because one group of genes becomes re stricted to the atrial chambers (e.g., ANF, AMHCJ, and MLC-2a) while a second group becomes restricted to the ventricular chambers (e.g., f3-MyHC and MLC-2v), changes in the transcriptional machinery of atrial and ventricular cells must be transduced differently by atrial- and ventricular-expressed genes. Second, down regulation of chamber-specific gene expression occurs at different times in development for each gene, sug-
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 gesting a complex series of changes in the transcrip tional regulators present at various times during cardiac development.
 
 I I I . M echan i s m s of Atrial Cham ber Specific Gene Exp ression
 
 A. Card i ac Tra n s c r i ptio n Factors Acti vate C h a m b e r-Specific G e n e s a t t h e Tu b u l a r Heart Stage Although several genes are expressed in an atrial or ventricular chamber-specific manner, initially none of the known transcription factors expressed in the devel oping heart are atrial or ventricular chamber specific, i.e., all are initially expressed in both prospective atria and ventricles. However, two basic helix-loop-helix transcriptional regulators, dHAND and eHAND, in the mouse (Srivastava et aI., 1 997) and the homeobox gene Nkx2-8 in the chick (Brand et aI., 1997; Reecy et at., 1 997) do show subsequent restriction to specific cham bers. Early in mammalian cardiogenesis, dHAND and eHAND become restricted to the ventricular segment of the heart tube and are expressed in a complementary fashion in regions fated to form the right and left ven tricles, respectively (Srivastava et aI., 1 997; Biben and Harvey, 1 997). Mice lacking dHAND die in utero ex hibiting a phenotype in which a right ventricle fails to form, suggesting that dHAND mediates differentiation of the right ventricle (Srivastava et aI., 1997; see Chap ter 9). On the other hand, eHAND is expressed in a left dominant pattern in the developing myocardium. Its ex pression is likely to be controlled by Nkx2-5 because eHAND expression is absent in Nkx2-5 null mice in which cardiac looping does not occur (Biben and Har vey, 1 997; see Chapter 7). Although their structure and nuclear localization suggests that the HAND proteins are transcriptional regulators, there is no evidence that expression of atrial and ventricular chamber-specific markers is dependent on the expression of these two factors. In the case of the dHAND null mouse, normal levels of expression of the atrial markers ANF and MLC-2a and the ventricular marker MLC-2v are observed in the prospective atria and left ventricle (Srivastava et aI., 1 997). It is not clear if dHAND regulates chamber-specific markers in the prospective right ventricle in which it normally is ex pressed because the right ventricle is absent in the dHAND null mouse. Unlike the related homeobox gene Nkx2-5, Nkx2-8 (Brand et aI., 1997; Reecy et aI., 1 997) becomes restricted to the prospective atria of the late tubular heart after its initial expression throughout the tubular heart. Downstream targets of Nkx2-8 are
 
 not known. The chamber-restricted transcription fac tors, dHAND, eHAND, and Nkx2-8, are all transiently expressed during early cardiogenesis and are absent in the fetal and adult heart (Srivastava et aI., 1997; Biben and Harvey, 1997; Brand et aI., 1 997; Reecy et aI., 1997). Therefore, they must not be responsible for maintaining of atrial and ventricular chamber-specific gene expres sion during fetal development or in the adult. At the tubular heart stage, then, what are the tran scription factors responsible for activation of genes which will subsequently display chamber-specific restriction? Good candidates are Nkx2-5 and Nkx2-8 (Komuro and Izumo, 1 993; Lints et at., 1993; Brand et aI., 1997; Reecy et aI., 1997), myocyte enhancer binding factor-2c (MEF2C) (Martin et at., 1993; Edmondson et at., 1994), and GATA4, -5, and -6 (Heikinheimo et aI., 1994; Morrisey et at., 1997; Laverriere et at., 1994; Jiang and Evans, 1996). Nkx2-5 (Lints et aI., 1 993) and MEF2C (Martin et aI., 1 993) are homo logs of Drosophila tinman and D MEF2, respectively, which are required for heart and mesoderm formation in the Drosophila embryo (Bod mer, 1 993; Lilly et at., 1995; Lin et at., 1997; see Chapter 5). Nkx2-5 is first expressed early in the precardiac mesoderm of the E 7.5 mouse embryo and it appears to be the earliest marker of the embryonic heart field of zebrafish (Chen and Fishman, 1 996). Nkx2-5 null mice die early in development exhibiting a thin ventricular wall, the cardiomyocytes of which do not express MLC2v (Lyons et aI., 1 995), suggesting that Nkx2-5 is es sential for the activation of this ventricular chamber specific marker. Additionally, Nkx2-5 null mice do not express the eHAND (Biben and Harvey, 1 997) and have markedly reduced amounts of CARP (Zou et at., 1997). Nkx2-5 can synergize with other cardiac tran scription factors, such as serum response factor and GATA-4, to activate cardiac gene expression (Chen and Schwartz, 1 996; Durocher et aI., 1997). Unlike Nkx2-5, transcripts of a related homeodomain transcription fac tor, Nkx2-8, become restricted to the outflow track and atria (Brand et aI., 1 997; Reecy et at., 1997; see Chapter 16), making Nkx2-8 a good candidate as a factor that might be involved in activation of genes which will sub sequently show atrial chamber-specific restriction. Members of the MEF2 family of MADS (MCM1, ag amous, deficiens, and serum response factor) box tran scription factors are expressed in the skeletal, cardiac, and smooth muscle lineages of vertebrate and Dro sophila embryos. In Drosophila embryos in which the single D-MEF2 gene is mutated, somatic, cardiac, and visceral muscle cells do not differentiate, but cardiac and skeletal myoblasts are found to be normally speci fied and positioned (Lilly et aI., 1995). One murine MEF2 family member, MEF2C, has a key role in the de velopment of the right ventricle and in the regulated ex-
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 pression of several cardiac genes as revealed by genetic knockout. In the MEF2 C null mouse the heart tube does not undergo looping morphogenesis, there is no expression of dHAND after looping, and consequently the right ventricle fails to form (Lin et aI., 1 997; see Chapter 8). This phenotype is similar to that observed in dHAND knockout mice suggesting MEF2C controls expression of dHAND. The remaining ventricular car diomyocytes expressed MLC-2v, demonstrating that ex pression of this ventricular-restricted marker is not de pendent on MEF2C or dHAND expression. In contrast, cardiomyocytes of MEF2C null mice did not express a MyHC or ANF, supporting the notion that MEF2C may be required for the initial activation of these atrial chamber-restricted markers (Lin et aI., 1997). However, as further evidence of complex cardiac regulatory path ways, expression of the atrial-restricted MLC-2a gene was unaffected in the MEF2C null mice. Another family of genes important in early cardiac development encodes the GATA family of transcrip tion factors (see Chapter 17). Three GATA factors, GATA-4, GATA-5, and GATA-6, are found in the mouse, chicken, and Xenopus heart (Arceci et aI., 1 993; Heikinheimo et aI., 1 994; Morrisey et aI., 1997; Laver riere et aI., 1 994; Jiang and Evans, 1996). The GATA fac tors contain a highly conserved DNA-binding domain consisting of two zinc fingers which directly bind to the DNA sequence element (A/T)GATA(A/G). Studies in vitro have implicated GATA-4 in the regulation of sev eral cardiac genes, including a-MyHC, cardiac troponin c (cTNC), ANF, and brain natriuretic peptide (BNP) (Grepin et aI., 1 994; Ip et al., 1994; Molkentin et aI., 1 994; Thuerauf et al., 1994). In vivo, injection of GATA-4, GATA-5, or GATA-6 RNA into Xenopus embryos can activate expression of the a-cardiac actin and a-MyHC genes (Jiang and Evans, 1996), suggesting that genes of the GATA family encode cardiac transcription activa tors. Support for this idea comes from experiments in which antisense GATA -4 oligonucleotides were intro duced into P 19 embryonic carcinoma cells. GATA-4 is expressed in P 19 cells during differentiation into car diomyocytes, but the addition of antisense GATA-4 oligonucleotides blocks this differentiation (Grepin et aI., 1995). Knockout experiments show that GATA-4 is required for ventral fusion of the precardiac mesoderm to form the tubular heart (Kuo et aI., 1 997; Molkentin et aI., 1 997). However, nearly all cardiac genes are ex pressed in GATA-4 null mice. Another GATA family member, GATA-6, is upregulated in the GATA-4 null mouse, in which it has been postulated to replace GATA-4 function in the activation of cardiac genes (Kuo et aI., 1997; Molkentin et al., 1 997). These observa tions suggest that cardiac GATA transcription factors are involved in cardiac differentiation and regulation of
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 cardiac gene expression but do not demonstrate a role for GATA family members in restricting expression to atrial or ventricular chambers. Nkx2-5, MEF2C, and GATA-4 are expressed throughout the tubular heart as well as in both atrial and ventricular chambers of the adult heart (Lints et aI., 1 993; Martin et al., 1 993; Arceci et aI., 1 993), sug gesting that they may be involved not only in activation but also in maintenance of cardiac gene expression. Studies have identified binding sites for these transcrip tional regulators in the promoters of cardiac genes and demonstrated the importance of these factors for cardiac specific expression. However, the role of these tran scriptional regulators in restricting expression to atrial or ventricular chambers is unclear. For example, Nkx25 upregulates rat ANF expression in cultured rat atrial cardiomyocytes (Durocher et al., 1 996), but since Nkx25 is present in the adult ventricle, why does ANF be come restricted to the atria? In contrast, GATA-4 ap pears to be a positive regulator of ANF (Grepin et aI., 1 994) and slow MyHC 3 in cultured ventricular car diomyocytes (Wang et al., 1 996). A constellation of ob servations suggests that the GATA and MEF2 factors are functional activators in the ventricular chamber. First, mutation of either the MEF2 or the GATA motif in the MLC3 promoter attenuates promoter activity in the mouse heart in vivo (McGrew et aI., 1996). Second, a MEF2 site confers ventricular-specific expression of a MLC-2v transgene in transgenic mice (Ross et aI., 1 996). Third, GATA-4 regulates a-MyHC, cTNC, ANF, and BNP in cultured ventricular cardiomyocytes (Gre pin et al., 1994; Ip et ai., 1994; Molkentin et aI., 1 994; Thuerauf et aI., 1 994). Therefore, how do atrial chamber-specific or -re stricted markers, such as slow MyHC3, ANF, and a MyHC, achieve chamber-restricted expression during development if the transcriptional activators of these genes are still functional in the ventricles? We propose that there are ventricular chamber-specific inhibitors which downregulate the expression of the atrial cham ber-specific or -restricted markers within the ventricle. Evidence to support this hypothesis comes from studies on the atrial chamber-specific expression of slow MyHC 3 gene and perhaps other genes.
 
 B . Do N u c l ea r H o rm o n e Rece pto rs S pe c i fy Atr i a l C h a m b e r-Specific Gene Ex p re s s i o n? The nuclear hormone receptor superfamily of tran scriptional regulators has been implicated in many crit ical aspects of vertebrate development (Chambon, 1994; Mangelsdorf and Evans, 1 995). Members of this family include the retinoic acid receptors (RXRs and
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 RARs), vitamin D receptors (VDRs), and the thyroid hormone receptors (TR). Ligands which bind these re ceptors have well-documented effects on cardiogenesis and cardiac gene expression. For example, thyroid hor mone (T3) has been postulated to be a primary physio logical regulator of cardiac MyHC gene expression in mammals. Around the time of birth the {3-MyHC is downregulated in the ventricles concomitant with the upregulation of the a-MyHC gene. This change in gene expression is correlated with a surge in circulating lev els of thyroid hormone. In vitro, thyroid hormone stim ulates the expression of the a-MyHC gene (Gustafson et ai., 1987) while it inhibits {3-MyHC expression in pri mary cultures of rat cardiomyocytes (Edwards et ai., 1994; Gosteli-Peter et at., 1996). Similar results were ob tained in adult hearts when T3 levels were experimen tally altered in utero (Morkin, 1993). An especially important role in early aspects of heart formation has been ascribed to retinoic acid (RA)(see Chapter 13). In zebrafish embryos, increasing durations of exposure to RA causes progressive sequential dele tion first of the bulbous arteriosus and then (in order) the ventricle, the atrium, and finally the sinus venosus, indicating that the ventricle, or the anterior tissue do main, is more sensitive to the effects of RA than the atrium (Stainier and Fishman, 1992). In birds, RA treat ment produces an expansion of the posterior (atrial) do main of the heart at the expense of the anterior domain, again suggesting that the presumptive ventricle is par ticularly sensitive to the RA (Yutzey et ai., 1994). These experiments suggest a role for RA in the commitment of cardiac precursors to different cell lineages-atrial or ventricular. Additional observations implicate RA in the process of cardiomyocyte differentiation and regu lation of cardiac gene expression. In an in vitro model system of cardiac muscle cell hypertrophy, RA at phys iological concentrations suppresses the increase in cell size and upregulation of ANF, markers for cardiac hy pertrophy (Zhou et ai., 1995). RA can inhibit both endothelin-l-induced and a-adrenergic-induced signal transduction pathways leading to cardiomyocyte hyper trophy (Zhou et ai., 1995). Recently, RA was shown to block differentiation of the myocardium after heart specification in Xenopus (Drysdale et ai., 1997), sug gesting that RA may suppress the function of cardiac transcription factors which activate differentiation. The thyroid hormone, retinoid, and vitamin D3 fam ily of ligands produce their effects by binding to cognate TR, RAR, or VDR receptors. Binding studies suggest that these receptors bind to regulatory regions of genes in the form of heterodimers with a common partner, the RXRs, although there are responses in experimental settings to RXR homodimers. There are two families of RARs consisting of six genes, RARa (al and 02),
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 RAR{3 ({31-{34), RARy (yl and y2) and the RXRa, RXR{3, and RXRy receptors (Mangelsdorf and Evans, 1995) . The RAR family responds to all-trans RA but not to 9-cis RA, whereas the RXR family responds to 9-cis RA and high concentrations of all-trans RA. Ge netic evidence suggests that the retinoic signal is trans duced by heterodimeric RXRlRAR receptors (Kastner et ai., 1997). The nuclear hormone receptors act through direct binding to hormone responding elements (HREs)-specific DNA sequences consisting of two copies of the hexad consensus sequence, AGGTCA. These direct repeats are separated by a specific num bers of nucleotides and the number of nucleotides be tween repeats is important in defining the HRE for dif ferent receptors (Umesono et ai., 1991) . For example, the cis elements to which VDR, TR, and RAR bind are composed of direct repeats of AGGTCA separated by 3, 4, or 5 nucleotides, respectively. The mechanism by which the thyroid hormone and the RARs regulate gene expression illustrates that the action of nuclear hormone receptors as transcriptional regulators can activate or suppress target genes by in teraction with other nuclear proteins. For example, in CV-l monkey kidney cells, in the absence of its ligand, TR or RAR act as transcriptional repressors by inter acting with a corepressor called SMRT (1. D. Chen et ai., 1996). In the presence of their ligands, however, these two receptors act as potent activators of transcription. This differs from the action of thyroid hormone on 13MyHC expression in the heart, in which in the presence of the ligand presumably the TR inhibits gene expres sion (Edwards et ai., 1 994). Knockout mice have been useful for demonstrating the importance of the RAR family in cardiogenesis. Mice lacking the RARa, RAR{3, RARy, RXR{3, or RXRy genes appear to have normal hearts (Kastner et ai., 1995). However, double mutants, such as RARa/ RARy, have a thinner "spongy" myocardium. These re sults not only reveal an importance for RARs in heart development but also imply a functional redundancy among some of the family members (Mendelsohn et at., 1994). Unlike the other single RAR gene knockouts, the RXRa knockout does show a cardiac phenotype. This phenotype is similar to mice deficient in vitamin A, a metabolic precursor of RA. RXRa null mutants die be tween E 10.5 and 17.5 of development from cardiac fail ure (Kastner et at., 1994; Sucov et ai., 1994). Interest ingly, in the RXRa null mice, MLC-2a is expressed in the ventricles at a time when wild-type mice express MLC-2a in an atrial-restricted fashion (Sucov et ai., 1994; see Chapters 13 and 15), suggesting that RXRa not only has a role in heart morphogenesis but also may act directly or indirectly on the inhibition of MLC-2a expression in the ventricles. Detailed analysis of RXRa
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 null embryos shows ventricular septal, atrioventricular cushion, and conotruncal ridge defects, with a double outlet right ventricle, a patent aorticopulmonary win dow, and persistent truncus arteriosus (Gruber et al., 1 996). Heterozygous RXRa embryos display a predis position for trabecular and papillary muscle, ventricular septal, conotruncal ridge and atrioventricular cushion defects, and pUlmonic stenosis (Gruber et aI., 1 996). As previously stated, thyroid hormone plays a very important role in cardiac gene expression. There are two classes of thyroid hormone receptors, a (with a1 and a2 isoforms) and 13. Only a1 and 13 mediate the functions of thyroid hormones. Homozygous inactiva tion of the TR alpha gene abrogates the production of both TR a1 and TR a2 isoforms (a2 does not bind T3) and leads to death in mice within 5 weeks after birth (Fraichard et aI., 1 997). By 2 weeks of life, the TR alpha null mice exhibit growth arrest and delayed maturation of the small intestine and bone, mimicking the symp toms of progressive hypothyroidism. Production of thy roid hormone, substantially upregulated at the time of weaning, is dependent on TR alpha gene products. Pat terns of a- and f3-MyHC expression in the TR alpha null mice have not been reported, and thus the importance of the TR a1 and 13 receptors in cardiac gene expression remains to be elucidated. The VDR is of particular interest in cardiac develop ment because this receptor appears to be important in the expression of the atrial chamber-specific marker, slow MyHC 3 (Wang et aI., 1996). A principal function of VDR and its ligand, 1 ,25-dihydroxyvitamin D3 (VD3), is the regulation of calcium and phosphorus homeostasis in higher vertebrates. High-affinity recep tors for VD3 have been described in the myocardium by Waters and colleagues (1986), and others find cardiac hypertrophy and alterations in cardiac contractility as sociated with VD3 deficiency (Weishaar and Simpson, 1 987). Like other nuclear hormone receptors, this re ceptor can activate gene expression through het erodimer formation with RXRs (Mangelsdorf and Evans, 1995). While the cardiovascular system does not represent a classical target for the ligands of the VDR, Gardner and colleagues (Wu et aI., 1 996) have shown that both cardiomyocytes and vascular smooth muscle cells respond to agents that bind the VDR receptor. They find that high concentrations of VD3 or RA can reduced endothelin-stimulated hypertrophy of ventric ular cardiomyocytes as well as inhibit ANF secretion in a dose-dependent fashion. When both ligands (VD3 and RA) are combined the effect is additive. These in vestigators conclude that the ligand-bound vitamin D and retinoid receptors are capable of suppressing the activation of a number of genes associated with hyper trophy of neonatal rat cardiomyocytes. The effects on
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 cell growth and gene expression are likely an indirect result of ligand binding because there do not appear to be typical VDR-like elements in the promoter region of the human ANF gene (Wu et aI., 1 996), nor has binding of radiolabeled VDR to its regulatory region been ob served. It should be noted that to date the RXR or VDR has not been shown to act directly on cardiac expressed genes as either a positive or negative tran scriptional regulator. Recently, the VDR gene has been knocked out (Yoshizawa et aI., 1997). Null mice exhibited impaired bone formation, uterine hypoplasia, and growth retar dation after weaning and died within 15 weeks after birth. There is no report of cardiac anomalies in the VDR null mice nor any description of the cardiac iso forms expressed. In light of recent observations docu menting the importance of VDR-binding sequences in cardiac gene expression, it will be interesting to exam ine the repertoire of cardiac genes expressed in the VDR null mice. Some of the observations regarding the effects of VD3 and the VDR on the heart may be sec ondary to the action of this hormone on calcium me tabolism; however, these results also support the gen eral position that the VDR plays a role in the regulation of cardiac gene-specific expression independent of the role usually attributed to it in physiology. Published reports suggest that nuclear hormone re ceptors are ubiquitously distributed in the tissues of the developing embryo. In contrast, the effect of ligands show regional differences. Even where receptors show no obvious endogenous differences in expression, as in the developing heart, experimental manipulations sug gest that nuclear hormone receptor ligands can have different effects in the ventricles and atria. The nuclear hormone receptors and their ligands are likely to have important roles not only in cardiac morphogenesis but also in the control of expression of genes associated with cardiac muscle contraction.
 
 C . Card i ac cis E l e m e nts Reg u l ate C h a m b e r-Specifi c G e n e Ex p re s s i o n Cardiac-specific genes encode proteins that are cru cial to the functioning of the primitive tubular heart as well as the chamberized heart (Jones et aI., 1 996). Un derstanding the cis elements required for initiation and maintenance of cardiac gene expression is essential to an understanding of cardiac function because these pro teins determine the rate and force of contraction. Fur thermore, since chamber-restricted expression of car diac genes is an early event in the process of atria and ventricle formation, an understanding of the mecha nisms regulating cardiac gene expression may shed light on the process whereby the atria and ventricles become
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 demarcated. Th e regulation o f cardiac gene expression, especially genes intregal to cardiac compartment func tion, has been fruitfully studied in early mammalian car diac development. The genes that have been studied in clude myosin light chains (Kelly et aI., 1 995; O'Brien et aI., 1 993; McGrew et aI., 1 996), a-MyHC (Gustafson et aI., 1 987; Morkin, 1 993; Subramaniam et aI., 1991, 1993), f3-MyHC (Cribbs et aI., 1 989; Rindt et aI., 1 993; Thomp son et aI., 1991), cTnT (Mar et aI., 1988; Christensen et aI., 1993; Iannello et aI., 1991), MCK (Amacher et aI., 1993), ANF (Argentin et aI., 1994; Seidman et aI., 1 991), and cardiac a-actin (Moss et aI., 1994; Sartorelli et al., 1992). While not exclusively so, much of this work on the cis elements in cardiac gene expression has focused on delineation of those elements that interact with transcrip tion factors to control gene expression in the ventricle. The most thoroughly analyzed ventricular compart ment-specific gene is MLC-2v, which becomes re stricted to the ventricle between E 8.5 and 10.5 of mouse development (O'Brien et aI., 1993). Work by Chien and colleagues (Ross et al., 1996; Zou et aI., 1 997) on the mouse MLC-2v gene serves as a model in the identifi cation of cis- and trans-acting factors that restrict the expression of genes to the ventricular chamber (see Chapter IS). These investigators have demonstrated that a 28-base pair (bp) portion of the promoter con taining two protein binding sites, HF-la and MEF2, is sufficient to confer ventricular-specific expression on a reporter gene in transgenic mice (Ross et aI., 1996; Zou et aI., 1997). Binding of YB-l, a CCAAT box-binding transcription factor to the HF-la site, functions as a pos itive regulator of MLC-2v expression in cardiac muscle. Recently, this group has reported that interactions of the CARP gene product with YB-1 to form a complex may act as a negative regulator of the HF-1a-dependent pathway of cardiac gene expression (Zou et aI., 1997). Although these results indicate that CARP is an attrac tive candidate for the downregulation of MLC-2v in the atria, in fact neither CARP nor any of the known HF-la and MEF2 site binding proteins show a chamber restricted expression pattern (Zou et al., 1997). Less is known about the cis elements which regulate cardiac genes in the atria. Most atrially restricted genes are expressed in the ventricle at some time during de velopment, and where it has been investigated, cis ele ments important for cardiac gene expression in the ven tricles also regulate expression in the atria. Studies on the regulation of a-cardiac MyHC, MLC3, and ANF in the heart serve as examples. Regulation of the a-cardiac MyHC gene has been extensively studied in vivo and in vitro (Gustafson et aI., 1987; Subramaniam et aI., 1 993; Molkentin and Markham, 1993; Molkentin et aI., 1 994). A 2-kilobase (kb) upstream region of the a-cardiac MyHC gene directs cardiac tissue-specific expression of
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 a transgene throughout the heart, and a thyroid hor mone-responsive element, TRE2, is important for re porter activity in both the atrium and the ventricle (Subramaniam et aI., 1 991, 1993). In cardiac cell culture (primarily ventricular cardiomyocytes) TRE, MEF2, and GATA-4 binding sites have documented regulatory functions for a-cardiac MyHC expression (Gustafson et aI., 1987; Molkentin and Markham, 1993; Molkentin et aI., 1 994). In the case of the MLC3 gene, Buckingham and colleagues (Kelly et aI., 1995) have reported that a MLC3-LacZ transgene, containing a 2-kb promoter re gion and a 260-bp enhancer sequence of the MLC3 gene, is expressed in a spatially restricted manner within the atria and left ventricular compartments in adult mice (see Chapter 19). This work identifies transcrip tional differences between cardiomyocytes in the left and right ventricles of the heart as well as between atrial cardiomyocytes and at least right ventricular car diomyocytes. The cis elements responsible for MLC3 transgene expression in the atria and the left ventricle have not been identified. However, mutation of either a MEF2 or GATA motif, in the promoter of the endoge nous MLC3 gene, attenuates its activity in the heart (McGrew et aI., 1996). Finally, a 2.4-kb regulatory re gion of the ANF gene directs reporter expression equally well in both atrial and ventricular cardiomy ocytes of transgenic mice (Seidman et aI., 1991). Trans fection of cardiomyocytes demonstrated that GATA and Nkx2-S binding sites located within the promoter are important in regulating ANF expression (Durocher et al., 1996). To date, work with neither cultured car diomyocytes nor transgenic mice has identified genetic elements which impart atrial chamber-specific expres sion on the a-cardiac MyHC, MLC3, or ANF genes. A new myosin heavy chain gene, slow MyHC3, ex pressed in the quail heart as well as in embryonic slow skeletal muscle, has been identified and characterized (Nikovits et aI., 1996; Wang et al., 1996). A comparison of 3' untranslated sequences suggests that slow MyHC 3 encodes the quail homolog of AMHCl (Yutzey et al., 1994). Initially, the slow MyHC 3 gene is expressed throughout the tubular heart. As the heart chamberizes, expression of slow MyHC 3 in the ventricles is down regulated, whereas expression in the atria is maintained (Wang et al., 1996; G. Wang et al., unpublished result). Although slow MyHC 3/AMHCl shows greatest se quence similarity to the a- and l3-cardiac MyHC iso forms, the expression pattern of slow MyHC 3 during heart development is different from that of its mam malian counterparts. The early downregulation of slow MyHC 3 in the ventricles is more similar to that ob served for the mammalian MLC-2a gene (Kubalak et al., 1994) than to the pattern of postnatal downregula tion described for ANF expression (Argentin et al., 1994).
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 By delineating the cis elements required for atrial chamber-specific expression of the slow MyHC 3 gene, clues to the mechanism(s) regulating its expression pat tern may become apparent. Four regions of the slow MyHC 3 promoter that contain either positive and neg ative cis elements have been identified in experiments performed both in vitro and in vivo (Wang et at., 1 996). One of these regions, 1 60 bp of the 5' flanking sequence between -840 and -680 bp relative to the transcriptional initiation site-designated as atrial regulatory domain 1 (ARD1 )-functions as an atrial-specific enhancer in primary cardiomyocyte cultures as well as in the em bryo (Fig. 3A). The function of the ARD1 in vivo has been investigated by using an avian retroviral vector, RCAN/PCAT/F, to deliver an ARDlISV40 pro moter/CAT construct into embryos. In infected avian embryos, inclusion of the ARD1 element increases ex pression of the CAT reporter 12.3-fold in the atria com pared to noncardiac tissues and 4.6-fold when com pared to the ventricles (Wang et at., 1996). A -840 bp
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 Figure 3 The vitamin D receptor (VDR)-like element specifies atrial chamber-specific expression of slow MyHC 3 gene by inhibition of slow MyHC 3 expression in the ventricles. (A) The regulatory mo tifs found in the ARDI enhancer. (B) Expression of SM3CAT:840D, which contains 840 bp of sequence upstream from the slow MyHC 3 gene transcription start site, is atrial specific because it is actively in hibited in the ventricular cardiomyocytes by the VDR-like element. Mutation of the VDR-like element between -801 and -796, in the con text of SM3CAT:840D to generate SM3CAT:840D-mVDR, leads to upregulation in the ventricular cardiomyocytes but not in the atrial cardiomyocytes or chicken embryonic fibroblasts (CEF).
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 Within the ARD1 are several sequence motifs with homology to functionally defined regulatory elements identified in other cardiac genes. These include, from 5' to 3', HF-1a (Ross et at., 1996), M-CAT (Mar and Or dahl, 1 988), E box (Sartorelli et at., 1992), VDR or RAR-like element (Mangelsdorf and Evans, 1 995), and GATA elements (Grepin et at., 1994; Ip et at., 1 994; Molkentin et at., 1 994; Thuerauf et at., 1 994). To define the cis elements that regulate atrial-specific expression, deletions were made which removed portions of ARD l . Deletion o f the HF-1a, M-CAT, and E box motifs did not change atrial-specific reporter expression following transfection into atrial cardiomyocytes, ventricular car diomyocytes, or chicken embryonic fibroblasts (CEFs). However, further deletion which removes the VDR-like element as well as HF-1a, M-CAT, and E box elements results in an increase of reporter expression in ventric ular cardiomyocytes to a level equal to that observed in atrial cardiomyocytes (Wang et at., 1996). Furthermore, when compared to a construct with an intact VDR-like motif, mutations within the VDR-like motif of the ARD1 of the endogenous promoter for slow MyHC 3 result in upregulation of the reporter expression in ven tricular cardiomyocytes (Fig. 3B). These results suggest that the HF-1a, M-CAT, and E box motifs within ARD1 are not essential for atrial-specific expression of slow MyHC 3. Instead, atrial-specific expression of slow MyHC 3 is directly related to the function of a 40-bp se quence, which includes a VDR-like element, within the slow MyHC 3 promoter. The VDR-like motif acts to negatively regulate slow MyHC 3 expression specifi cally in ventricular cardiomyocytes but has no apparent role in positively regulating expression in atrial car diomyocytes. Additional experiments have shown that the GATA element within the slow MyHC 3 enhancer confers heart specificity to expression of this gene but has no role in downregulating slow MyHC 3 expression in the ventricles (G. Wang and F. Stockdale, unpublished data). In the transition from the tubular heart to the chamberized quail heart, there is increased inhibitory action of the VDR-like element in ventricular car diomyocytes (G. Wang and F. Stockdale, unpublished data). The VDR-like element is much less effective at inhibiting reporter expression in ventricular cardiomy ocytes isolated from E3 hearts than in ventricular car diomyocytes isolated from E6 hearts. This increased inhibitory action coincides with developmental down regulation of slow MyHC 3 in the ventricles. An inhibitory factor(s) was also found to regulate ANF expression in ventricular cardiomyocytes. A Nkx25 response element, termed NKE, is responsible for ANF promoter construct expression in atrial cardiomy ocytes (Durocher et at., 1996). Interestingly, a deletion removing a small region of the ANF promoter, contain-
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 ing the NKE, leads t o upregulation o f a reporter i n cul tured ventricular cardiomyocytes but not in cultured atrial cardiomyocytes. This suggests that the NKE, or an adjacent site, binds an inhibitor restricted to ventricular cardiomyocytes (Durocher et a!., 1996). These results also focus attention on members of the Nkx family as potential regulators of chamber-specific expression. As the cis elements regulating expression of cardiac genes become more defined, it will be possible to deter mine to what extent divergent and overlapping path ways regulate expression of the atrial-specific slow MyHC 3 gene and other atrial chamber-specific or re stricted genes. The finding that expression of the slow MyHC 3 gene becomes confined to the atrium concur rent with embryonic heart chamberization makes this gene unique and provides a model to investigate the mechanism(s) establishing regional differences in the heart.
 
 D . M od e l s of Atrial C h a m b e r-Specific Expre s s i o n of Card i ac G e n e s Two models can depict regulation o f chamber-spe cific expression of cardiac genes during embryonic de velopment: an activation model and an inhibition model (Fig. 4). In the activation model of chamber-specific ex pression, chamber-specific genes are activated and maintained by chamber-specific transcription factors. Few transcription factors have been identified which show a significant difference in expression between atria and ventricles. With the possible exception of AMHCl, chamber-specific markers are initially ex pressed throughout the tubular heart. Chamber speci ficity is initially achieved by downregulation of genes in
 
 Tubular Heart and Atri u m
 
 atria o r ventricles. I n principle, chamber-specific expres sion could be achieved if a transcription factor, such as Nkx2-5, GATA-4, or MEF2C, that initiates or maintains expression is selectively downregulated in one of the two chambers. Currently, there is no reported evidence to support this as a general mechanism. We favor the in hibition model on the basis of studies of the regulation of slow MyHC 3 gene and on studies of ANFregulation. In this model a positive factor(s), acting through a pos itive cis element, is required during development for ac tivation of heart-specific expression. In the absence of a negative factor(s), cardiac genes can be expressed throughout the heart. The appearance of a negative fac tor(s) which functions through a negative cis element is responsible for subsequent downregulation. In early stages of heart development, positive factors emerging in the absence of a negative factor(s) induce cardiac specific but not chamber-specific expression. Subse quently, differential expression of a negative factor(s) at specific developmental stages leads to downregulation of atrial chamber-specific genes in the ventricles or of ventricular chamber-specific genes in the atria. In the case of atrial-specific gene expression, the negative fac tor(s) is ventricular chamber specific. This model more accurately describes atrial chamber-specific expression of slow MyHC 3 and the ANF genes. Members of the nuclear hormone receptor family appear to have an im portant role in chamber-specific gene expression through inhibition. For example, thyroid hormone, pre sumably acting through its receptor, inhibits {3-MyHC expression in ventricular cardiomyocytes (Edwards et a!., 1994). Expression of the ANF gene appears to be subject to vitamin DTdependent inhibition (Li and Gardner, 1994). Additionally, deletion or mutation of a
 
 Ventricle
 
 Co-activator
 
 Activated
 
 Repressed
 
 Fig u re 4 Inhibition model of atrial chamber-specific expression. A positive factor(s) is required to activate atrial chamber specific expression throughout the tubular heart and atrium by binding specifically to the positive element. We postulate that ex pression in the atria is maintained by the positive factor(s). Expression in the ventricles is inhibited by a negative factor(s), although the positive factor(s) is still present in the ventricles and may or may not continue to occupy the positive element. We postulate that activation and repression of transcription are mediated through the actions of a coactivator and corepressor, respectively.
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 VDR-like motif in the slow MyHC 3 promoter suggests that a vitamin D or RAR is involved in the inhibition of this gene in ventricular cardiomyocytes (Wang et ai., 1 996). Thus, it appears that nuclear hormone receptor family members may play a role as negative regulators in ventricular cardiomyocytes. Whether members of the nuclear hormone receptor family generally serve as in hibitors of chamber-specific expression during heart de velopment needs further study.
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 I . Overview of Card iac Development Preced i ng Looping All vertebrates share analogous developmental steps preceding the formation and looping of a cardiac tube (!cardo, 1989; Brown and Wolpert, 1990; Yost, 1991, 1995b). Differences in the geometry of the embryos, for example, spherical Xenopus embryos compared to dis coid avian embryos, result in distinct spatial positioning of the cardiac primordia with respect to other primordia Heart Development
 
 in the embryo. However, the general steps in cardiac morphogenesis appear to be similar. The developmental timing of these steps in humans, mice, and frogs is com pared in Fig. 1 . The presumptive cardiac cells arise as a pair o f lat eral mesoderm primordia at the beginning of gastrula tion. Explant and tissue recombination experiments in Xenopus indicate that signals derived from the dorsal midline mesoderm and endoderm cells induce dorso lateral mesoderm cells to become precardiac meso derm cells (Sater and Jacobson, 1989, 1 990; Muslin and Williams, 1991; Nascone and Mercola, 1 995; see Chapter 3). The molecular identities of these cell-cell signals are not known. However, experiments in chick implicate BMPs and activin (Schultheiss et aI., 1997; Yatskievych et aI., 1997) and cardiac mesoderm can be induced in Xenopus animal cap ectoderm explants by high levels of activin (Logan and Mohun, 1 993). There has been con troversy regarding the roles of endoderm in cardiac mesoderm induction. However, results from GATA-4 chimeras substantiate a role for endoderm in the devel opment of cardiac cells (Kuo et at., 1 997; Molkentin et aI., 1997; Narita et at., 1997; see Chapter 17). During gastrulation, the precardiac mesoderm invo lutes with other axial mesoderm so that at the end of gastrulation the cardiac primordia are in a dorsoante-
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 Cardiac Primordia Move toward Ventral midline, in contact with ECM HSPG Synthesis Required for Looping Required for LJR
 
 Speciflcation of LJR in Cardiac and Lateral Plate Mesoderm
 
 Cardiac Tube Formation •
 
 Cardiac 'Jogging"
 
 Cardiac Looping
 
 Fig u re 1 Timeline of cardiac L-R development in human, mouse, and Xenopus de velopment. Days postfertilization in human (H) and mouse (M) embryos and hours post fertilization in Xenopus (X) embryos are listed on the left. Schematic lateral views of Xenopus embryos and landmarks in development are shown on the right. The animal hemisphere in Xenopus eggs (top) is indicated by darker pigmentation than that of the vegetal hemisphere. VgI RNA and protein are localized in the vegetal hemisphere (vio let). At the blastula stage, the blastocoel is formed as an internal space within the animal hemisphere. The precardiac mesoderm primordia (indicated by red bar) are just lateral of the dorsal midline and ingress during gastrulation. At the beginning of gastrulation, HSPG-containing matrix (indicated by green x's) is deposited on the basal surface of animal hemisphere cells (the roof of the blastocoel). At the end of gastrulation, cardiac primordia are in a dorsoanterior position, and midline (notochord) cells differentiate (orange). During neurula stages, the cardiac primordia move ventrally in contact with the matrix deposited during gastrulation and fuse at the ventral midline. Nodal is expressed in the left lateral plate mesoderm (blue). Subsequently, the cardiac mesoderm forms a cardiac tube that jogs (in mice and zebrafish) and loops along the embryonic L-R axis (adapted and updated from Yost, 1991).
 
 rior position. In the chick, the node is asymmetric in morphology (Wetzel, 1 929; Hoyle et al., 1 992; Cooke, 1995) and in gene expression patterns (Levin et al., 1995). Previous fate mapping experiments suggest that there are asymmetric contributions of cells to regions of the cardiac mesoderm primordia (Zwirner and Kuhlo,
 
 1964; Stalsberg, 1 969), but more refined techniques are required to assess whether differential cell contribu tions are important for left-right (L-R) development. In Xenopus, extracellular matrix and cell surface he paran sulfate proteoglycans are deposited on the animal hemisphere ectoderm basolateral surface during gastru-
 
 2 1 Estab l i s h i n g Card i ac Left-Ri g h t Asy m m e t ry lation and have been implicated in L-R development (Yost, 1 992). During the neurula stages, the paired heart primor dia move from a dorsolateral position to the ventral midline. In some vertebrates, the paired cardiac primor dia form primitive tubes before they fuse at the ventral midline. Fusion occurs in an anterior to posterior pro gression. In Xenopus, the cardiac primordia move as paired sheets of cells across the animal hemisphere ec toderm and matrix to reach the ventral midline where they fuse into a continuous sheet (Keller, 1975, 1976; Yost, 1990, 1992). Transcription factors of the home obox-containing tinman (Nkx or Csx) family and the GATA-4/5/6 family are expressed in cardiogenic meso derm, and to various extents in adjacent tissues, begin ning during this period (Kelley et aI., 1993; Komuro and Izumo, 1993; Logan and Mohun, 1993; Drysdale et aI., 1994; Tonissen et a/., 1994; Evans et aI., 1 995; Cleaver et aI., 1 996; Jiang and Evans, 1996; Gove et aI., 1997; see Chapter 3). Explants of presumptive cardiac mesoderm (and overlying ectoderm) from gastrula-stage embryos are capable of forming beating cardiac tissue in culture (Sater and Jacobson, 1989). Both the expression of early cardiac molecular markers and the ability to form car diac mesoderm in explants indicate that specification of mesoderm to form cardiomyocytes has occurred by the end of gastrulation. Mesoderm cells acquire cardiac mesoderm identity during gastrulation. Left-right patterning within the cardiac field occurs during the open neural plate stages. It is quite striking that cells in the heart primordia are specified for left or right well before L-R morphogene sis occurs. In Xenopus, this occurs when the primordia is a simple sheet of mesoderm, shortly after fusion of the paired cardiac primordia at the ventral midline (Danos and Yost, 1995) . Explanted cardiac primordia form car diac tubes that loop in vitro. Explants made at the end of gastrulation have randomized orientation of cardiac looping. Explants made a few hours later, as the neural tube closes, form a cardiac tube that loops in the normal L-R orientation in vitro. Thus, the transmission of L-R signals from other parts of the embryo to the cardiac primordium is complete by the time the neural tube closes. The cardiac tube is relatively symmetric along the ventral midline, contains distinct endocardium and myocardium, and extends anteriorly to the prospective aortic arches and posteriorly to the liver diverticulum. This apparent bilateral symmetry is broken by consis tent looping of the tube to the right side of the embryo, occurring at 44-50 hr postfertilization in Xenopus, ap proximately 8.5 days in mice, and 23 days in humans. Recently, it has been observed that the cardiac tube un-
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 dergoes an earlier morphological expression of L-R asymmetry. In zebrafish and mice, the cardiac tube ap pears to rapidly and transiently shift to the left (Biben and Harvey, 1997; Chen et aI., 1997). In zebrafish, the cardiac tube shifts back to a central position before looping to the right. This transient shift has been termed cardiac "jogging" (Chen et aI., 1997) and appears to be highly predictive of the subsequent orientation of car diac looping, at least in zebrafish (Chen et a/., 1997; see Chapter 6). Subsequent cardiac tube looping places the prospective atrium, derived from the posterior portion of the cardiac tube, dorsal and anterior to the prospec tive ventricle. By this stage the heart is circulating blood, and valve and septation formation is under way.
 
 I I . Left-Right Nomenclatu re It is useful to make a nomenclatural distinction be tween "left-right axis formation" and "left-right devel opment." Use of the term axis formation reflects the widely held but poorly enunciated view that there is an early, embryowide (global) mechanism for establishing a difference between left body side and right body side and that this underlying mechanism directs the subse quent L-R development and morphogenesis of every asymmetric organ system in a coordinated fashion. The result of normal L-R axis formation is the consistent L-R orientation of internal organs with respect to the orthogonal body axes, which appears to be highly con served in vertebrates. It is useful to limit the term L-R axis formation to the initial mechanisms that establish embryowide (global) L-R asymmetries across an other wise bilaterally symmetric body plan. In contrast, L-R development is the reception and playing out of this global axial information by individual primordia, such as groups of cells that form the heart, segments of the gut, or brain. In general, there are four outcomes of em bryological or genetic manipulations that alter L-R de velopment, each of which is consistent with having al tered either L-R axis formation or the response of individual primordia to L-R axis information.
 
 A. I nve rs i o n In rare situations, L-R axis information can be "in verted," such that genes normally expressed on the left are now expressed only on the right, and the orientation of all the organs is a mirror image of normal. This bio logical enantiomer of a normal embryo occurs in inv/inv mice (Yokoyama et aI., 1993) and in situs inversus to ta/is in humans (Bowers et aI., 1 996; see Chapters 22 and 25). The molecular identities of the mutated genes have
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 not been reported. Experimentally, complete inversion has only been produced by injection of BVgJ in specific cell lineages in Xenopus (Hyatt and Yost, 1998).
 
 B . G lobal Ran d o m i zati o n Elimination o f normal L-R axis information through out the embryo leads to "global randomization" of the orientation of each individual organ with respect to the orthogonal axes and with respect to each other. In the absence of L-R axial information, many organ primor dia appear to retain an intrinsic ability to generate L-R asymmetry, but their orientation is randomized with re spect to the orthogonal axes (dorsal-ventral and ante rior-posterior) and with respect to what is occurring in other asymmetric organs. For experimental manipula tions that appear to eliminate L-R axis information, in dividual embryos can have a heart in normal, reversed, or indeterminate orientation and intestinal coiling in normal, reversed, or indeterminate orientation, with no correlation between the orientation of the heart and in testine (Yost, 1 992; Hyatt et al., 1996). Similarly, the ori entation of the heart is not statistically concordant with the orientation of the viscera in iv/iv mice (Brown and Wolpert, 1990; Seo et al., 1992) and in human hetero taxia (Bowers et al., 1996).
 
 C . I s ol ated Ran d o m i zati o n A third outcome is randomization of the L-R orien tation of an individual organ without alteration of the normal orientation of surrounding organs and perhaps without the alteration of normal asymmetric expression patterns of upstream genes. This is seen as a result of experimental manipulation of small patches of extracel lular matrix across which individual primordia migrate in Xenopus embryos (Yost, 1992) and in human cases of isolated laterality defects, such as isolated cardiac re versals and isolated asplenia/polysplenia (Bowers et al., 1996). In these cases, it is likely that L-R axis formation and the production of global L-R signals are normal but that the affected organ primordium has lost its abil ity either to receive the global L-R signals or to use those signals during organ morphogenesis.
 
 D . Fai l u re of L-R M o rphoge n e s i s A fourth outcome is failure to generate L-R asym metry. The most simple example is a cessation of cardiac tube looping. When Xenopus embryos are treated with J3-xyloside to block proteoglycan synthesis during the neurula stages, the cardiac tube fails to generate L-R asymmetry later in development (Yost, 1990). Treat ment of chick embryos with antisense oligonucleotides
 
 against two transcription factors that are normally expressed in the heart primordium (and elsewhere), dHAND and eHAND (Srivastava et al., 1995), or knock out of homeobox-containing Nkx2-5 in mice (Lyons et al., 1 995), results in cessation of cardiac tube looping. Due to the developmental stages during which these manipulations have an effect, it is likely that these treat ments block the pathways that lead to organ L-R mor phogenesis and not the earlier steps of L-R axis forma tion.
 
 I I I . D iscovery of M olecular Signals That P recede Card iac L-R Specification One of the most significant recent findings in cardiac L-R development is that the earliest molecular events that determine cardiac orientation occur by cell-cell signaling pathways that do not involve the cardiac pri mordia. Genes that are not expressed within perspec tive heart cells have a profound effect on the formation of the heart. This was seen in the observation that per turbations of extracellular matrix in cells that do not contribute to the heart lead to loss of normal L-R de velopment in the cardiac (and other) organ primordia in Xenopus (Yost, 1992). However, the breakthrough in describing the molecular identities of genes that regu late cardiac orientation occurred with the description of several genes that are expressed asymmetrically near the time of gastrulation in the chick. Most of these genes are not expressed in cardiac precursor cells, but experimental alterations of the expression patterns of some of these genes can alter cardiac orientation (Levin et at., 1995). Subsequently, genes in various vertebrates have been described that are either asymmetrically expressed along the L-R axis or perturb L-R devel opment when either ectopically expressed or mutated. An attempt to synthesize the pathway of genes that lead to L-R morphogenesis, according to their temporal and spatial expression patterns in various vertebrates, is shown in Fig. 2. Experiments with some of these genes are described in the following sections.
 
 A. Stu d ie s i n C h i c k a n d t h e Ro l e of t h e N o d e Hensen's node (HN) o f chick embryos is analogous to the Organizer in frog embryos. This group of cells is located at the midline and drives both gastrulation and the progressive formation of the anterior-posterior axis. The cells within the center of the node, during and after gastrulation, give rise to the notochord and other
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 Figure 2 Genes implicated in L-R development. Genes from Xenopus (blue), chick (green), zebrafish (red), mouse (violet), and hu man (orange) are shown with the earliest genes in the pathway at the top. Positions of genes are assigned according to their relative expres sion periods in development and known interactions. Proposed posi tive and negative interactions are indicated by arrows and bars, re spectively. A gene in parentheses indicates suppression of that gene by upstream signals. Genes important for both midline development and cardiac L-R development are in the upper central box (labeled midline). The pathway of genes within the midline has not been eluci dated for L-R development. Genes expressed in left or right lateral plate mesoderm (LPM) are indicated in the side boxes. Genes ex pressed asymmetrically in the cardiac tube, which are probably effec tors of asymmetric organogenesis, are in the lower box. Note that the color assigned to each gene indicates that organism in which the gene was first discovered or whether the gene has been implicated in L-R development in other organisms (see text for details and references).
 
 axial structures. The node displays a transient but con sistent morphological L-R asymmetry (Cooke, 1995). By RNA in situ hybridization analysis, at least six RNAs have been shown to be asymmetrically distributed along the L-R axis in chick embryos during gastrulation and neurula stages, predominantly either in or near HN. It is striking that most of these asymmetrically expressed genes encode cell-cell signaling proteins that have been implicated in other embryonic pattern ing events. Cell signaling genes activin {3B (Levin et ai., 1997), Sonic hedgehog (Shh), and a Nodal-related gene (cNRl) (Levin et ai., 1995) are asymmetrically ex pressed, as are a transmembrane receptor for activin (cAct-RIIa) and transcription factors HFN3{3 (Levin et ai., 1995) and Snrl (Isaac et ai., 1997). Other genes, in cluding the cell signaling gene cWnt-8c and the receptor patched (PTC), have asymmetric expression patterns in
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 HN (Levin, 1997), but altered expression experiments with these genes have not been reported. Based on the developmental timing of asymmetric expression patterns, a cascade of signals has been pro posed from studies of chick embryos (Levin et al., 1995) (Fig. 2, green). Activin {3B, a member of the transform ing growth factor-{3 (TGF-{3) superfamily, is expressed on the right side of HN from stage 3 to stage 5+ (Levin et al., 1997). This precedes and probably induces the ex pression of the activin receptor cAct-RIIa on the right side of primitive streak and then in the ectoderm on the right side of HN (Levin et ai., 1 995), and downregulates the expression of shh (a member of the hedgehog fam ily of cell signaling peptides) on the right side. Left-only expression of shh in the ectoderm of HN from stages 4 + through 7 induces the reappearance of chick cNRl at stage 7 just on the left side, lateral and anterior to the Shh-expressing region in HN. The expression of cNRl then expands in the left, but not the right, lateral plate mesoderm. Slightly later and more posterior, the tran scription factor snail-related zinc finger gene (cSnrl) is expressed in right lateral plate mesoderm and the right cardiac primordium before fusion with the left pri mordium (Isaac et ai., 1997). cSnrl is also expressed symmetrically in the segmenting somites and pharyn geal endoderm. The mutually exclusive asymmetric ex pressions of cNRl and cSnrl then signal the heart and visceral primordia to provide orientation during subse quent asymmetric organogenesis. This proposed cascade has been partially tested by ectopic expression experiments (Levin et ai., 1 995, 1997) in which candidate proteins were released from beads soaked in purified protein or from pellets of cells trans formed to express a candidate protein. Beads or cells were implanted on the right or left side of HN in the embryo, and subsequent gene expression patterns and organ orientation were assessed. Ectopic expression of activin on the left side induces cAct-RIIa and suppresses shh on the left side. This results in bilateral expression of cAct-RIIa, the absence of shh on either side, the absence of cNRl on either side, and randomized heart orientation (Levin et ai., 1995). However, the observa tion that ectopic activin expression results in a variety of symmetric and asymmetric expression patterns of cNRl and cSnrl suggests that ectopic activin destabi lizes the L-R pathway and leads to independent reiniti ation of the pathway on each side of the embryo (Isaac et ai., 1 997). Ectopic expression of follistatin, which an tagonizes the activity of activin (and some other TGF-{3 members) resulted in bilateral expression of shh in 5 of 20 cases (Levin et ai., 1997). The effects of follistatin on heart orientation have not been reported. Ectopic expression of shh on the right side induces cNRl expression in the right lateral plate (giving bilat-
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 eral expression), eliminates right-sided expression of cSnrl, and randomizes cardiac L-R orientation (Levin et al., 1995; Isaac et at., 1997). Expression of cNRl on the right side (giving bilateral nodal expression ) results in a higher frequency of bilaterally symmetric or inverted hearts (Levin et at., 1 997). In each of these experiments, control implants of either untreated beads or nontrans fected cells had no significant effect, and implants on contralateral sides had no significant effect. Treatment with cSnrl antisense oligonucleotides before heart tube formation did not alter cNRl asymmetric expression but resulted in a 30-50% incident of heart reversals, indicating that cSnrl is downstream of cNRl or in a par allel pathway. The results from ectopic expression ex periments and antisense oligonucleotide treatments in dicate that in chick embryos there is a cascade of cell cell signaling factors, from activin to shh to cNRl and cSnrl, that establish L-R orientation prior to heart morphogenesis.
 
 B . C o n s e rved Ex p re s s i o n Pattern of Nodal i n Latera l P l ate M e s o d e r m I t i s not known whether the pathway elucidated in chick embryos is conserved in other vertebrates. Some of the genes shown to have asymmetric expression pat terns in chick embryos have been shown to have sym metric expression patterns in other embryos. This could be due to the technical limitations of RNA in situ hy bridization, transient asymmetric expression patterns that could be missed, gene expression regulation at the posttranscriptional level, or a nonconserved pathway in chick embryos. Currently, nodal has the earliest known molecular expression pattern that is conserved in all vertebrates examined; cNRl in chick (Levin et at., 1995), Xnr-l in Xenopus (Hyatt et at., 1996; Lowe et at., 1996; Lohr et at., 1997), and nodal in mouse (Collignon et at., 1 996; Lowe et at., 1996; Meno et at., 1996). In all three organisms, altered expression of nodal is corre lated with altered cardiac L-R orientation. Further more, in Xenopus and chick embryos, ectopic expres sion of nodal alters cardiac orientation, indicating that nodal is directly in the pathway of cardiac L-R devel opment (Levin et al., 1997; Sampath et at., 1997) . Right sided injection of a plasmid that expresses Xnr-l after the midblastula stages results in perturbed L-R devel opment in the heart and viscera. Left-sided injections or ectopic expression of nodal-related genes Xnr-2 and Xnr-3 does not affect L-R development (Sampath et at., 1 997) . Thus, it appears that asymmetric expression of nodal in the left lateral plate mesoderm is upstream of normal cardiac L-R morphogenesis in vertebrates. Nodal expression appears to be proximal to the specifi cation of cardiac L-R asymmetry and near the end of
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 the L-R signaling pathway in the embryo (Fig. 2). While it is possible that the signaling cascades upstream of nodal asymmetric expression are distinct in different vertebrates, it seems unlikely that the highly conserved cardiac orientation and asymmetric expression of nodal are products of the evolutionary convergence of distinct signaling pathways that each produce asymmetric nodal expression. Studies of the hedgehog family of cell signaling mol ecules provide an example of the difficulties in compar ative analysis of L-R development among vertebrate embryos. As described previously, shh is asymmetrically expressed in chick embryos and ectopic expression of shh alters subsequent asymmetric gene expression and cardiac orientation (Levin et at., 1995). However, lat erality defects have not been reported in mice em bryos that are mutant for shh (Chiang et at., 1996) nor in the zebrafish mutant sonic-you (Brand et at., 1996; Chen et al., 1997) . Although hedgehog RNAs have not been found to be asymmetrically expressed in Xeno pus, zebrafish (Ekker et at., 1995), or mice (Collignon et at., 1996), there is evidence that perturbation of a hedgehog-related signaling pathway in Xenopus and zebrafish can alter L-R development (Chen et al., 1997; Sampath et at., 1997). Banded hedgehog (Xbhh) is a member of the hedgehog family of signaling proteins that is expressed in the gastrula stage, and the Xbhh-N construct encodes the active N-terminal cleavage prod uct, ensuring its strong expression (Ekker et al., 1995). Right-sided injections of Xbhh-N RNA at the four-cell stage, but not left-sided injections, perturb Xnr-l ex pression (Sampath et at., 1997). Similarly, injection of sonic hedgehog RNA into zebrafish embryos at the one- or two-cell stage alters asymmetric expression of BMP4 in the heart and L-R cardiac morphogenesis (Chen et at., 1997). Thus, ectopic expression results in chick, Xenopus, and zebrafish suggest that a hedgehog like signaling pathway is involved in cardiac L-R devel opment, but mutant analysis eliminates some members of the hedgehog family from direct roles in L-R devel opment.
 
 IV. I n itiation of the L-R Axi s before Node Formation
 
 A. Early S i g n a l s i n Xenopus and the " Left-Ri g ht Coord i nato r" While considerable progress has been made in de scribing later events in L-R development (Fig. 2), com parably little is known about the mechanism that initi ates L-R axis formation. It is not known how the initial asymmetry that establishes the L-R axis is generated,
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 but it is likely that this occurs before the asymmetric cell-cell signaling cascade develops in the node. To ex plore earlier cell signaling events, I shift attention from the chick to the frog (Xenopus laevis) embryo, which can be manipulated immediately after fertilization. A distinct experimental advantage of amphibian embryos is that specific cell lineages can be targeted for ectopic expression by microinjection of large cells up to the 64-cell stage. RNAs encoding molecules that are can didates for early L-R signaling have been injected into individual cells at the 16-cell stage. The results suggest that cell lineages established at the 16-cell stage are distinct in their response to ectopic gene expression (Hyatt et ai., 1996; Hyatt and Yost, 1998). The most striking results indicate that Vgl, a member of the TGF {3 family of signaling proteins, plays a role in initiating the L-R axis. Vgl RNA was the first RNA found to be asymmetri cally distributed in vertebrate oocytes or embryos, in this case along the animal-vegetal axis (Weeks and Melton, 1987), and has been implicated in both meso derm formation (Dale et ai., 1993; Thomsen and Melton, 1993) and L-R development (Hyatt et ai., 1 995). During oogenesis, Vgl RNA is synthesized and localized to the vegetal hemisphere so that it is inherited in vegetal cells in blastula-stage embryos. The vegetal cells give rise to the embryonic endoderm. Like other members of the TGF-{3 family, Vg1 is synthesized as a pro-protein and is processed to an active mature form. If it occurs, pro cessing of pro-Vgl is in a restricted region of the Xeno pus embryo. Vgl pro-protein is readily detected in left and right cells of blastula-stage embryos (H. 1. Yost, data unpublished), but mature protein is difficult to detect in either normal embryos or embryos injected with Vgl RNA to synthesize more pro-protein (Dale et ai., 1993; Thomsen and Melton, 1993). Mature Vg1 protein can be made in detectable amounts by injection of chimeric RNAs that provide different processing sites, derived from other members of the TGF-{3 family, fused to the coding region of the mature Vg1 peptide (Dale et ai., 1993; Thomsen and Melton, 1 993; Kessler and Melton, 1995). For example, BVg1 is a chimera that provides mature Vgl peptide via the BMP protein processing pathway and AVg is a chimera utilizing the activin pathway. Injection of a modified Vgl construct (BVgl or AVg) that ensures high levels of Vgl expression has signifi cant effects on L-R development. Injection of 16-cell embryos in the dorsal vegetal cell on the right side, but not the left side, of the dorsal midline randomizes heart and gut orientation and induces expression of Xenopus nodal (Xnr-l) in the right lateral plate (Hyatt et ai., 1996; Hyatt and Yost, 1998). The effects of Vgl expres sion are more dramatic when BVgl or AVg are injected
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 into right lateral cells, 90° from the midline, in the 1 6cell embryo: The L-R axis of the embryo is inverted, Xnr-l is repressed in the left lateral plate mesoderm and induced in the right lateral plate mesoderm, and the L-R orientation of the heart and gut is inverted (Hyatt and Yost, 1998). This is the only reported experimental manipulation that fully inverts the L-R axis. The current working model is that the processing of Vgl pro-protein into mature Vgl is spatially regulated along the L-R axis, and that the processing of Vg1 initi ates the L-R signaling cascade (Fig. 3). In this model, endogenous Vgl pro-protein is processed on the left side but not the right side of the early embryo. Corre spondingly, Vgl RNA injection into either left or right cells has no effect on L-R development. This is ex pected if the overexpressed Vgl pro-protein cannot be processed on the right side. By using the BMP process ing pathway (BVgl) or the activin processing pathway (AVg) , the hypothesized constraint in Vg1 protein pro cessing can be bypassed and mature Vgl protein can be produced on the right side. The observation that the L-R axis can be inverted by ectopic Vgl expression, and the ability to alter L-R de velopment by other perturbations of the Vgl signaling pathway (Hyatt et ai., 1 996; Hyatt and Yost, 1998), led to the suggestion that there is a group of cells on the left lateral side that is capable of organizing the L-R axis in the embryo via the Vgl signaling pathway and interact ing with the Spemann Organizer to establish the highly conserved relationships of the embryonic axes. This group of cells has been termed the Left-Right Coordi nator (L-R Coordinator) (Hyatt and Yost, 1 998) in analogy with the Spemann Organizer (Spemann and Mangold, 1924) that regulates dorsoanterior develop ment (see Section V,D). These results suggest that asymmetric protein pro cessing in the embryo can initiate L-R axis formation (Fig. 3). How is this asymmetry established? In Xeno pus, dorsal-ventral axis formation is initiated by a cyto plasmic/cortical rotation in the single cell during the first cell cycle (Gerhart et ai., 1 989). The rotation is nor mally dependent on a transient array of microtubules in the vegetal hemisphere of the fertilized egg during the first cell cycle (Gerhart et ai., 1 989). Disruption of the vegetal microtubule array results in no rotation and ventralized embryos. Dorsal-ventral axis formation can be "rescued" in embryos in the absence of the vegetal microtubule arrays by tilting the eggs during the first cell cycle. Tilting leads to gravity-driven cytoplasmic rotation which rescues dorsal-ventral axis formation. These results indicate that it is the rotation per se, not the microtubules or sperm entry position, that estab lishes the dorsal-ventral axis. Strikingly, in embryos in which cytoplasmic rotation and dorsal-ventral axis for-
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 Figu re 3 Model of asymmetric pro-Vg1 processing. VgI RNA is stored in the vegetal hemisphere of the egg. VgI RNA and pro-Vg1 protein (redlblue bars) and the unidentified Vgl receptor (green bars) are present in left and right cells (Weeks and Melton, 1987; Dale et aI., 1993; Thomsen and Melton, 1993). It is hypothesized that processing of Vg1 into mature, active ligand (blue bars) occurs mostly on the left side. Expression of mature Vg1 activates the L-R coordi nator (Hyatt et al., 1996; Hyatt and Yost, 1998).
 
 mation are "rescued" by tilting, normal L-R axis forma tion is not rescued (Yost, 1 991). This suggests that the initiation of L-R axis formation occurs concurrently with the initiation of the dorsal-ventral axis, and that initiation of L-R axis formation is dependent on the transient microtubule array during the first cell cycle.
 
 B . Early S i g n a l s i n C h i c k a n d M i ce Two recent observations in chick embryos concur with the suggestion that L-R asymmetries originate in lateral cells (analogous to the L-R Coordinator in Xenopus) and are imposed upon the Organizer (or HN in chick). First, a node with normal L-R expression of Shh can be regenerated in an embryo from which the endogenous node was deleted (Psychoyos and Stern, 1996). Second, the asymmetric expression pattern of Shh in a node that was surgically inverted early in em bryogenesis is oriented with respect to the lateral tis sues and not with respect to the initial node orientation (Pagan and Tabin, 1998).
 
 Insertional mutation of the mouse INV gene pre sents a surprising phenotype; invlinv embryos have fully inverted L-R orientation of the heart, gut, and body axis (Yokoyama et ai., 1993; see Chapter 22). Although the molecular identity of INV has not been reported, and thus the timing of expression is unknown, INV is upstream of nodal (Collignon et ai., 1 996; Lowe et ai., 1 996). In Fig. 2, INV is placed in proximity with mater nal Vgl because both invlinv mice and Xenopus em bryos in which Vgl is ectopically expressed in specific cell lineages (Hyatt and Yost, 1998) have the same phe notype; full inversion of cardiac and visceral L-R orien tation and inversion of nodal expression pattern.
 
 v. Role of the M i d l i n e Th e L-R orientation o f cardiac looping in verte brates is conserved with respect to the anterior-poste rior (cranial-caudal) and dorsal-ventral (back-front) axes. To an external observer, the L-R axis can be de-
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 fined once the other axes are identified. This can lead to a mistaken assumption that establishing the other two axes is sufficient to establish the L-R axis. However, to a cell within an embryo, the cartesian coordinates de fined by these axes are insufficient to provide informa tion indicating that it is on the right or left side of the embryo unless the coordinates also provide vectoral in formation (Yost, 1995b). For example, a cell that has ax ial information indicating that it is at a position 30% along the anterior-posterior axis and position 80% on the dorsal-ventral axis can be on the left or right side at those defined coordinates. The observation that reduced dorsoanterior devel opment, produced by diverse treatments, is correlated with loss of normal L-R development suggests that a developmental mechanism coordinates the alignment of the three axes (Danos and Yost, 1995). A growing body of evidence implicates cells in the dorsal midline of the embryo, specifically notochord cells or cells in duced by the notochord, in the coordination of the three geometric axes. It should be noted that cells at the mid line of the embryo, for example, notochord and neural fioorplate cells, are derived from analogous central structures during gastrulation: the Organizer (in frog), HN (in chick), the node (in mice), and the dorsal shield (in zebrafish).
 
 A. Stu d i e s i n Xenopus a n d Z e b rafi s h I n Xenopus, direct extirpation of prospective noto chord and fioorplate cells during the open neural plate stages (stage 15-20) results in randomization of cardiac orientation (Danos and Yost, 1 996) and bilateral ex pression of Xnr-J in lateral plate mesoderm (Lohr et aI., 1 997). In control experiments, mock dissections or ex tirpations of midline tissues after the neural tube has closed but before cardiac tube formation do not alter cardiac orientation or nodal asymmetric expression. This provides embryological evidence that midline cells are required for L-R development during a period lim ited to the open neural plate stages but does not iden tify genes within the midline cells that are essential for this pro-cess. These stages concur with the period during which L-R orientation is specified in the cardiac pri mordia (Danos and Yost, 1 995). These embryological observations led to the hypoth esis that zebrafish embryos with notochord defects would have randomized cardiac L-R development. Ini tially, two zebrafish mutants, no tail (ntl) and floating head (jih), with well-characterized midline defects that include the absence of notochord (Halpern et aI., 1 993; Talbot et aI., 1 995) were shown to have randomized car diac orientation (Danos and Yost, 1996). Nt! encodes
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 the zebrafish homolog of the mouse brachyury gene, a transcription regulatory factor expressed in dorsal mid line mesoderm (Schulte-Merker et al., 1 994). Flh en codes a homeobox-containing transcription regulatory factor, a homolog of Xenopus Xnot (von Dassow et aI., 1993) and chick enot (Stein and Kessel, 1995), that is expressed in the organizer (or node) and the notochord (Talbot et aI., 1995). The observation that mutation of genes expressed in the dorsal cells results in randomiza tion of L-R orientation of cardiac looping provides genetic evidence for the role of midline cells in L-R development (Danos and Yost, 1996). Mutational analysis in zebrafish will provide more insight into the pathways that regulate cardiac devel opment (Fishman and Chien, 1997; see Chapter 6). One of the most exciting efforts in developmental genetics has been the generation and characterization of a large collection of zebrafish mutants that are embryonic lethals and that have specific visible defects in various aspects of organogenesis (for initial reports of mutant screens in Tubingen and Boston, see Development 123). In order to identify interactions between cardiac L-R development and other embryonic events, many ze brafish mutants were rescreened for alterations in car diac L-R development (Chen et aI., 1997). This was aided by observations of two events that precede car diac L-R looping. BMP4, a member of the TGF-,B fam ily of cell signaling molecules, is uniformly expressed in cardiac primordia. After cardiac primordia fusion, BMP4 RNA becomes asymmetrically expressed, more abundantly on the left side of the heart tube. Subse quently, the prospective atrial end of the newly fused cardiac tube "jogs" to the left and then returns to the midline, followed by looping of the cardiac tube (pre dominantly the prospective ventricle) to the right. Ex periments in which BMP4 distribution was perturbed indicate that BMP4 asymmetric expression is necessary for normal cardiac jogging and looping orientation (Chen et aI., 1997). Among the mutants screened, only some dorsal ventral mutants or midline mutants have laterality de fects. Others have normal L-R development (Chen et aI., 1997). From the observation that some mutations af fecting midline development have associated laterality defects and other midline mutants do not, one can spec ulate the early genes share a common pathway for mid line development and L-R development. Manipula tions that alter this common anteriodorsal and L-R pathway should yield coordinated failures in the devel opment of both axes. At some point, before cardiac L R specification during neural tube closure (Danos and Yost, 1996; Lohr et al., 1997), the midline development pathway and the L-R development pathway diverge. Further genetic analysis of zebrafish mutants and the
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 molecular identification of the genes should elucidate the mechanisms by which midline development influ ences L-R development.
 
 B . Stu d i e s i n M i ce a n d H u m a n s The midline expression patterns of the genes IV, lefty, HNF3{3, and ZIC3, underscore the importance of midline cells in cardiac L-R development. The iv/iv ho mozygote has randomized cardiac visceral L-R orienta tion, a phenotype that has greatly influenced modeling of L-R development (Brown and Wolpert, 1990; Seo et at., 1 992). Recently, the mouse IV gene has been shown to encode a dynein, termed L-R dynein (LRD), that is expressed early in embryogenesis and in the node at the midline (Supp et al., 1 997). Asymmetric expression of LRD has not been reported and it is unknown when the IV gene acts in the L-R pathway. However, genetic evi dence indicates that IV is upstream of cardiac L-R ori entation (Brueckner et al., 1989) and both nodal and lefty asymmetric expression (Lowe et al., 1 996; Meno et at., 1997; Fig. 2). Dyneins interact with microtubules for a variety of intracellular functions and for cilia motility. Patients with Kartegener's syndrome (Afzelius, 1 976) have laterality defects and dynein defects in their cilia, predisposing them to respiratory problems and male in fertility. Two closely related genes, lefty-I and lefty-2, are asymmetrically expressed in mice at approximately the same stages as nodal (Meno et at., 1 996, 1 997). Lefty-l is expressed in midline tissue, on the left side of the floor plate of the developing neural tube. Lefty-2 is expressed in the left lateral plate mesoderm. Both of these genes are downstream of IV and INV (Meno et at., 1 996, 1 997); phenotypes in lefty knockouts have not been re ported. Mouse embryos that are double heterozygous for mutations in HNF3{3 and nodal display laterality defects (Collignon et at., 1 996). HNF3{3 is expressed in the midline in mice (Collignon et at., 1 996) and is tran siently asymmetric in chick (Levin et at., 1 995). Molecular genetic evidence from humans with famil ial situs ambiguous has identified an X-linked gene, ZIC3 (Gebbia et at., 1997; see Chapter 27). ZIC3 is a member of the ZIC (zinc finger protein of the cerebel lum) transcription factor family first described for spe cific expression in the adult mouse cerebellum and re lated to the Drosophila pair-rule gene odd-paired (Aruga et at., 1 996). Although asymmetric expression patterns have not been reported, ZIC3 is expressed in the primitive streak and early neural tissues in mouse and Xenopus embryos (Aruga et at., 1996; Nagai et at., 1997; Nakata et al., 1 997), perhaps placing it in the mid line pathway for L-R development (Fig. 2). There is strong genetic evidence from zebrafish, mice, and humans that genes expressed in the midline are im-
 
 portant for cardiac L-R development, yet asymmetric RNA expression patterns have not been detected for most of these genes. To date, evidence indicates that the genes in the midline pathway are upstream of asym metric gene expression in the lateral plate mesoderm, and the asymmetric expression of lateral plate meso derm genes is upstream of cardiac L-R specification. Several mechanisms have been postulated by which midline genes regulate asymmetric gene expression in the lateral plate mesoderm, including mechanical elon gation of the embryo by the midline (notochord) (Yost, 1 995a), which then might align molecules in an extra cellular matrix known to be essential for both heart and gut L-R orientation (Yost, 1 992). Alternatively, midline cells may act either as a source for signaling molecules that are transmitted to the lateral plate or as a barrier or sink (antagonist) for L-R signaling molecules. One in terpretation of results in conjoined twins (see Section V,C) suggests that cell-cell signals on one side of the embryo cannot cross over the embryonic midline bar rier but can influence adjacent tissues, including a con joined embryo. If the midline emits either positive-in ducing signals or antagonistic signals, it is not clear whether signals are asymmetrically emitted from the midline or whether symmetric midline signals interact with asymmetric signals or an asymmetric receptor dis tribution that is generated elsewhere in the embryo to give left-sided nodal expression and to orient heart and gut development. A mutation in the gap junction gene connexin 43 has been implicated in some human cardiac laterality de fects (Britz-Cunningham et at., 1 995) but has not been detected in large screens of other individuals (Casey and Ballabio, 1 995; Splitt et al., 1995; Gebbia et at., 1996; Penman Splitt et at., 1 997). However, it is interesting to note that a connexin gene in zebrafish is specifically expressed in the notochord and is downstream from the ntl gene (Essner et at., 1 996), which is necessary for both midline development and cardiac L-R develop ment (Danos and Yost, 1 996). The specific roles of gap junctions in L-R development await work on model systems. The correlation of midline defects in frogs or fish with cardiac laterality defects suggests that complex syndromes involving both neural development defects and cardiac defects in humans might have a common developmental mechanism and genetic pathway. Indi viduals with laterality defects should be examined for subtle defects in neural tube development, and individ uals with neural tube defects should be examined for laterality defects. As with some zebrafish midline mu tants and extirpations of neural tissue after neural tube closure in Xenopus, some cases should have isolated neural tube defects without cardiac defects. These cases reflect the observation that only specific stages of early
 
 2 1 Estab l i s h i n g Card iac Left-Ri g ht Asy m m et ry neural development and a subset of the genetic path way for midline development are necessary for cardiac L-R development. This also suggests that prenatal treat ments, such as diet supplements, that reduce the fre quency of early neural tube defects (Butterworth and Bendich, 1996) also might be palliative for an underly ing propensity for cardiac defects.
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 C. Left-Ri g ht Deve l o p m e nt i n Conj o i n ed Twi n s Conjoined twins in humans are rare and laterality defects are just one of many circumstances that require medical intervention in these individuals (Spencer, 1996). The general rule for conjoined twins is that the twin on the left has normal cardiac L-R development (Fig. 4A) and the twin on the right has randomized car diac orientation (Fig. 4B). This is true in human twins joined at the trunk (Cunniff et ai., 1988; Layton, 1989; Burn, 1991; Spencer, 1992; Levin et ai., 1996), in sponta neous chick twins joined at the trunk (Levin et ai., 1996), in amphibian twins formed by dividing a blastula stage embryo in half with a hair loop (Spemann and Falkenberg, 1 91 9), and in Xenopus twins formed by or ganizer transplantation (Nascone and Mercola, 1997). Conjoined twins are readily generated by injection of a wide variety of signaling molecules that induce the formation of an ectopic organizer (Hyatt et ai., 1996; Nascone and Mercola, 1997). Results from injections of most signaling molecules follow the general rule of "left twin normal, right twin random" (Figs. 4A and 4B). In most cases, L-R orientation in induced (secondary) axes is not ascertained (Figs. 4A and 4B) due to con cerns of the effect of incomplete midlines on L-R de velopment (Danos and Yost, 1995, 1996; Lohr et ai., 1997). There are five known exceptions to the left twin nor mal, right twin random rule (Fig. 4, indicated in blue) that help to assess the role of the L-R Coordinator and might be indicative of molecules involved in the L-R pathway. Three of these involve activin or BVgJ, mole cules implicated in L-R Coordinator function. The only known example of randomization in the left-sided twin occurs when activin RNA injections are used to induce the secondary axis on the right side (Fig. 4A; Hyatt et ai., 1996). When secondary axes are formed on the right side by either activin or BVgJ injections; L-R develop ment in the right-sided twin is normal (Fig. 4B; Hyatt et ai., 1996). The ability of BVgJ and activin to alter L-R development in twins indicates the involvement of these molecules in L-R Coordinator function. Left right development in the secondary axes induced by BVgJ or activin has not been assessed.
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 myogenin > MyoD > MRF4 (Ott et al., 1 991). Expression of myf5 is transient during mamma lian embryogenesis, and expression of both myogenin and MyoD substantially decreases soon after birth, leaving MRF4 as the major MDF expressed in adult skeletal muscles. The order of MDF activation in mam malian embryogenesis is in apparent contradiction to the precocious expression of MyoD in myoblast cul tures. The discrepancy between cell culture and em bryos may be explained by a model in which two dis tinct lineages reside within the myotome: an early lineage that expresses myf5 gives rise to the first wave of mononucleate myotomal muscles and a later lineage that generates multinucleate axial muscles (Stockdale, 1 992; Emerson, 1 993). In addition, subdomains within the myotome express different MDFs and combinations of MDFs at distinct developmental stages, suggesting that the order of MDF activation may be discoordinate between different myotomal cells (Smith et al., 1 994). This implies that different expression patterns of the four MDF proteins in the embryo may distinguish mul tiple myogenic cell lineages within the developing somites.
 
 E. Pe rtu rbat i o n of M DF Expre s s i o n d u ri n g Deve l o p m e nt The potential roles of MDFs in myogenesis are fur ther complicated by the results of transgenic mouse studies in which normal MDF expression has been per turbed. That MDFs function in a dominant fashion is graphically illustrated by the effects of overexpressing
 
 MyoD in heart muscle, which activates the ectopic ex pression of skeletal muscle-specific contractile protein genes (Miner et al., 1992). More widespread ectopic ex pression of MyoD in ectodermal and mesodermal lin eages causes embryonic lethalities, although no ectopic myogenic conversion is seen (Faerman et at., 1993). The effects of targeted disruption of genes encoding each myogenic factor, or combinations thereof, further underscores the complexity of their individual roles in vivo. Null mutations in the myf5 locus result in delayed myotome differentiation, but otherwise muscle devel opment proceeds normally. Notably, rib formation is disrupted in myf5-null mice, even though myf5 is not expressed in the rib precursors (Braun et at., 1992b). This surprising abnormality is presumably due to the perturbation of local interactions in the somite between the developing myotome and the neighboring sclero tome, which gives rise to the ribs and axial cartilage. Disruption of the myogenin gene locus produces a more predictable phenotype in which terminal differen tiation of myogenic precursors is largely blocked and muscles fail to form (Hasty et at., 1993; Nabeshima et al., 1993). Embryos lacking myogenin die shortly after birth, presumably due to asphyxiation. Tissues where muscle should form are largely normal in gross mor phology yet contain few myofibers and do not express muscle-specific contractile protein genes. Nevertheless, cultured myoblasts from these myogenin-null animals are capable of differentiating upon mitogen depletion (Nabeshima et al., 1 993), indicating that myogenin is not necessary for terminal differentiation per se. This suggests that myogenin may overcome a suppressive mechanism provided by the embryonic context, im posed by growth factors or cell--cell interactions, or that cell culture medium supplants essential muscle-specific factors that function in an autoregulatory loop with myogenin. It is also possible that another myogenic fac tor, MRF4, may serve to complement the function of myogenin in cell culture by activating the same subset of downstream gene targets necessary for terminal dif ferentiation. Unexpectedly, mice carrying a null mutation in their MyoD loci are viable, although defects in satellite cell regeneration have been noted in these animals (Megeney et al., 1996). Interpretation of the phenotype is further complicated by a compensatory increase in myf5 expression at later developmental stages, at which time the myf5 gene would normally be repressed. The extreme phenotype of mouse embryos carrying null mutations in both the myf5 and MyoD loci, generated by mating the two strains together (Rudnicki et al., 1993), suggests that these genes play compensatory roles in normal muscle development. MyoDlmyf5 null ani mals lack all skeletal muscle and present the skeletal
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 defect in the ribs, typical of myf5 null animals (Braun et aI., 1992b). Unlike the muscle beds of myogenin null mice which contain myoblasts that fail to differen tiate, the presumptive muscle beds in the MyoDlmyf5 double-knockout animals are totally devoid of myo blasts. Finally, the interdependent actions of the MDFs and Pax-3 were recently demonstrated by the observation that Splotch mutant mice carrying a mutated myf5 gene lack all skeletal body muscle and are unable to activate the MyoD gene (Tajbakhsh et al., 1 997). Thus, either Pax-3 or myf5 is necessary for the formation of the skeletal muscle lineages in the somitic region. One in terpretation is that the expression of Pax-3 is essential to generate the hypaxial musculature, whereas either Pax-3 or myf-5 alone is sufficient for formation of the epaxial musculature. These observations also correlate well with the early expression of Pax-3 in all skeletal muscle cell precursors (Fig. 3D). It remains to be deter mined whether Pax-3 and myf5 activate identical or parallel pathways leading to epaxial muscle formation. F.
 
 I n d u ct i o n of Skel etal M u s c l e i n t h e Som ite
 
 Recent experiments have identified several tissues as inductive sources and candidates for molecular signals involved in somitic patterning, in particular for the gen eration of myogenic lineages. For example, the ablation of the neural tube and the notochord at the level of the psm in the chicken results in the rapid degeneration of newly formed somites (Rong et aI., 1 992). Results such as these suggest that the axial organs produce a trophic factor(s) which is necessary for the survival of somitic cells. In addition to playing a permissive role in the forma tion of the muscle lineages, numerous in vitro and in vivo experiments have demonstrated that the neural tube, the notochord, and the dorsal ectoderm play an instructive role in the generation of muscle cells from the psm. Although these results are at times contradic tory, they all provide support for the hypothesis that the axial structures synthesize signaling molecules, which include Sonic hedgehog (Shh) and several Wnt mole cules, which play a synergistic and sometimes redundant role in the formation of the skeletal muscle lineage (Tajbakhsh and Cossu, 1997). Because the first somitic cells which display committed myogenic markers are lo cated in the medial somite, they may rely on their prox imity to axial structures for differentiation signals. Un differentiated cells in the lateral somite which later form the hypaxial lineage may escape from these induc tive influences owing solely to their more distant posi tion.
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 An alternative hypothesis, based on the premise that dorsal differentiation toward skeletal muscle is a de fault pathway rather than one requiring instructive cues, is that the medial and the lateral somite compart ments possess an equal ability to generate muscle, but that this process is actively inhibited in the lateral somitic compartment by local influences. The default hypothesis of muscle formation is supported by the observation that epiblastic cells when dissociated and cultured in vitro form predominately muscle cells, suggesting an early bias toward the muscle lineage (George-Weinstein et aI., 1996). Therefore, one of the major roles of the factors regulating somitogenesis would be to repress this early differentiation process. One observation in support of the default model is the strong expression in the psm of the receptor-ligand pair Notch and Delta, which have been shown to ac tively repress myogenesis in vitro and in vivo (Kopan et al., 1 994; Palmeirim et aI., 1998). Expression of these two genes is dramatically downregulated upon somite formation. Numerous studies in Drosophila have shown that the activation of Notch by Delta blocks a cells' re sponse to environmental inducers (Artavanis-Tsakonas et aI., 1 995). Thus, multiple systems functioning actively to repress muscle differentiation seem to exist in the psm, which remains undifferentiated despite the pres ence of numerous inducing signals emanating from the surrounding tissues.
 
 G . S i g n a l s I nvo lved i n M e d i a l-Late ral Patte rn i n g of the So m ite The differentiation of two muscle lineages formed from the medial and lateral portions of the somite have a very different timing: cells of the medial portion of the somite differentiate approximately 2 days before the lateral cells. The special environment surrounding the lateral somite appears to play an important role in this difference in timing. For example, the isolation of the paraxial mesoderm from the lateral plate results in the immediate expression of myf5 and MyoD in the lateral somite (Pourquie et aI., 1 995). Activation of the myo genic program is accompanied by the downregulation of Pax-3, which is normally strongly expressed in the lat eral somite. This result suggests that tissues lateral to the psm provide a signal which inhibits precocious acti vation of the muscle differentiation pathway, providing a plausible mechanism for delaying the development of the lateral hypaxial lineage in comparison to the medial epaxial lineage. Another marker of the lateral somitic compartment is the bHLH protein cSim1, an avian homolog of the drosophila single-minded gene (Pourquie et aI., 1 996). First activated throughout the lateral portion of a newly
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 formed somite, cSiml expression becomes rapidly re stricted to the lateral dermomyotome (Fig. 3C). Several studies established that activation of cSiml is under the control of a diffusible factor emanating from the lateral plate and that this factor is actively counteracted by a signal produced by the neural tube (Pourquie et aI., 1 996; Tonegawa et aI., 1 997). The protein BMP-4, a member of the transforming growth factor-� superfamily, is produced by the lateral plate and has a temporal expression pattern which cor relates well with that of cSiml (Fig. 3G). When cells pro ducing BMP-4 are grafted between the neural tube and the somite, the medial somite displays lateral character istics as evidenced by the ectopic expression of cSim1, overexpression of Pax-3, with a concurrent loss of MyoD (Pourquie et aI., 1996). BMP-4 is therefore an at tractive candidate for the lateralizing factor of the somite. Supporting this model, high levels of BMP-4 in duces lateral plate markers in the psm, with lower levels activating the lateral somitic marker, cSiml (Tonegawa et aI., 1997). Thus, an activity gradient of BMP-4 across the somite could establish medial and lateral identity. The lateralizing role putatively played by BMP-4 is opposed by a signal produced by the axial organs. Sev eral factors which function to counteract the action of BMP-4-related molecules have been identified in other organisms. For example, in Drosophila embryos, the specification of different dorsal-ventral regions is es tablished by the opposing interactions of dorsally pro duced decapentaplegic an analog of BMP-4, and ven trally produced Short gastrulation (SOG) (Ferguson, 1996). Similarly, in Xenopus, the specification of meso dermal territories across the dorsal-ventral axis pro ceeds through the interactions of ventrally produced BMP-4 and dorsaling factors produced by the Spemann organizer such as Noggin or Chordin, the vertebrate ho molog of SOG (Piccolo et aI., 1996; Zimmerman et aI., 1996). Specification of medial-lateral territories in chick could be generated in a similar manner since Noggin appears to be expressed medially in the somite (Fig. 3E) In fact, cells expressing Noggin are able to neutralize the lateraling signals and medialize the lateral somite (Hirsinger et aI., 1997; Marcelle et aI., 1997; Reshef et aI., 1998). Furthermore, Noggin expression is under the control of the axial structures and axial signaling mole cules such as Wnt-J (Fig. 3F) (Hirsinger et aI., 1997) and thus could be considered as a potential dorsalizing in fluence on the somite. Because of its synthesis in the notochord and floor plate, the diffusible morphogen Shh is a candidate an tagonist of lateral inhibition, especially in light of re cent experiments which have shown that in the caudal neural tube, the specification of cell types along the dor-
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 sal-ventral axis results from the antagonizing actions of Shh and BMP-4 (Liem et aI., 1 995). Shh has also been shown to be important in establishing dorsal ventral axis in the somite (Fan and Tessier-Lavigne, 1994; Johnson et aI., 1994). Finally, transplantation of Shh, expressing cells lateral to the somite has recently been shown to activate the expression of medial somite markers and also activate the expression of Noggin (Hirsinger et aI., 1997). Thus, Shh may also play a role in medial-lateral patterning of the somite. These interac tions are summarized in Fig. 3H.
 
 H . Ret i n o i c Ac i d S i g n a l i n g i n M u sc l e Deve l o p m e nt Retinoic acid (RA) has long been appreciated as a powerful morphogen that affects pattern formation in vertebrate embryos (Summerbell and Maden, 1990). Re cent evidence indicates that Hensen's node, a pattern organizing region at the anterior end of the pri mitive streak in early embryos (Waddington, 1932; Beddington, 1994), may be an endogenous source of RA (Hogan et aI., 1992). Ectopic RA administration causes perturbation of segment identity along the anteroposterior body axis, detected by subtle homeo tic transformations of vertebral structure (Kessel and Gruss, 1991 ; Kessel, 1992) and alteration of limb mor phogenesis (Tickle et aI., 1982). Given the dramatic phenotypic effects of RA on de veloping embryos, it has been of interest to investigate the nature of its action on specific cell types, such as skeletal muscle precursors. Both activation and repres sion of myogenic differentiation in response to RA has been observed in myogenic cells (Langille et aI., 1989; Momoi et aI., 1992). At high concentrations, RA inhib its myogenesis in chicken embryo craniofacial mes enchyme (Langille et aI., 1 989) and limb buds (Momoi et aI., 1992). By contrast, similar RA concentrations have been reported to induce myogenic differentiation in a rhabdomyosarcoma-derived cell line (Arnold et aI., 1992), in C2C12 myoblasts and in primary adult chicken satellite cells (Albagli-Curiel et aI., 1 993; Halevy and Lerman, 1 993). RA has also been reported to induce myogenic differentiation of C2C12 myoblast cells and primary adult chicken satellite cells (Albagli-Curiel et aI., 1993; Halevy and Lerman, 1993). These observed discrepancies in RA action have been at least partially resolved by the discovery that media conditions are as critical as RA concentration in modulating its effects on muscle cultures. Xiao et al. (1995) showed that muscle gene expression in C2C12 cells can either be inhibited or induced by the addition or elimination of chick embryo extract in the presence of RA. This involvement of diffusible factors may pro-
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 vide a model for dissecting the pleiotropic functions of RA in different cellular contexts during embryonic de velopment as well. The distribution of RA receptor (RAR) genes also may provide insight into the mechanism by which RA functions and into its role in the regulation of muscle differentiation and development (de Luca, 1 991). RNA in situ hybridization studies show that RARs and RXRs are widely expressed throughout the embryo, including the forming heart (Ruberte et aI., 1991; Mangelsdorf et at., 1992; Dolle et aI., 1 994). Among the RARs, RARa is ubiquitously distributed, whereas RAR(3 and RAR')' transcripts are differentially expressed among cell lines and during development, suggesting that they have specific roles in different tissues (de The et aI., 1 989; Mendelsohn et aI., 1 992). Congenital abnormalities in mice homozygous for null mutations in single receptor genes are restricted to only a few sites expressing those receptors during embryogenesis making it difficult to assign specific roles to any one receptor in muscle or heart development. The effects of RA are further modulated by changes in RAR expression in response to RA (de The et aI., 1987; Gigure et aI., 1 987; Petkovich et aI., 1987; Benbrook et aI., 1988; Brand et aI., 1 988; Krust et aI., 1989; Zelent et aI., 1 989). The RAR(3 gene has an RA response ele ment that is involved in a positive autoregulatory feed back loop (Sucov et at., 1 990). In most cell lines, the ex pression of RAR(3 is induced by RA and impairment of this induction may contribute to neoplastic progression (Hu et aI., 1 991). In RA-treated midgestation mouse embryos, RAR(3 is the only significantly induced RAR isoform, especially in limb buds (Harnish et aI., 1 992). Induction of RAR')' transcripts by RA in muscle cul tures has been rarely reported in the literature (Wu et aI., 1 992, Xiao et aI., 1995). The role of RA in both skeletal and cardiac morpho genesis has been traditionally studied utilizing tools such as exposure to exogenous, RA vitamin A depri vation, and inactivation of RA effector molecules by gene targeting (see Chapter 13). These approaches, how ever, have several shortcomings. The effects of exoge nous RA do not necessarily elucidate the physiological role of endogenous RA activity during development. Likewise, the effects of vitamin A deficiency on em bryogenesis are more likely to represent the conse quences of a protracted RA-deficient state than a criti cal developmental requirement for RA (Dickman et aI., 1997; Smith and Dickman, 1 997). A more informative experimental approach may be to examine the synthetic and inactivating pathways leading to local differences in retinoid concentration in the embryo since restricted production of a ligand with limited diffusion potential may be a key feature of its
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 function. Endogenously produced retinoids are un evenly distributed along the embryonic anteroposterior body axis at early embryonic stages, a result of localized expression of RA synthetic enzymes. The activity of a RA response element (RARE) along the embryonic body axis in RARE transgenic animals (Rossant et aI., 1 991) is consistent with a concentration-dependent ef fect on myogenesis. Indeed, in a recent study comparing RA synthetic activity and RA response during mouse heart development (Moss et aI., 1 998), a striking corre lation was observed between the domains of RARE driven transgene expression and immunoreactivity to a retinaldehyde dehydrogenase (RALDH2) that cat alyzes the last step in the RA biosynthetic pathway and is the first isozyme with this activity to appear in the em bryo (McCaffrey and Drager, 1 995; Zhao et aI., 1996) (Fig. 4A). Moreover, patterns of RA synthesis and re sponse correlated inversely with the expression of a gene encoding the RA degrading enzyme P450RA (Moss et aI., 1 998). Another hallmark of early embryonic RA synthesis, as inferred by RALDH2 enzyme distribution, is the dy namic aspect of its patterning. This is dramatically illus trated in the distribution of RALDH2 in the heart, in which both RA synthesis and response are limited to the atria at early stages and then expand to include the epicardium and outflow structures (Moss et aI., 1998). In quail embryos, RALDH2 enzyme is more abundant in the somites than in the heart but is then downregulated in an anterior to posterior sequence as somitogenesis proceeds. This progression is accompanied by a shifting pattern of RALDH2 distribution within each somite, which is sequentially restricted to the sclerotome during somite maturation (Fig. 4B). These observations underscore the importance of lo calized RA concentration in the developing embryo and indicate that morphogenetic actions of RA are im plemented through dynamic changes in the expression and activity of its synthetic enzyme rather than by dif fusion alone. They may also provide important clues for general molecular mechanisms underlying RA action in myogenesis. In the simplest model, RA may play a role in preventing myogenic cells from differentiating until the appropriate embryonic stage is reached, consistent with its inhibition of myogenic differentiation in cell culture. A more complex interplay of regulatory path ways is likely, however, since embryonic RA controls the expression of certain clustered Hox genes, which may influence muscle proliferation and patterning. The local extracellular environment, involving cell cell interactions and additional diffusible molecules, is probably as important as RA concentration in defining its effects in the intact embryo. Induction of intermedi ate regulatory factors such as Shh, which is responsive
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 to RA and has been implicated in patterning of both ax ial structures and limb buds in the embryo (Echelard et at., 1 993; Riddle et at., 1 993), or RA-responsive mem bers of the homeobox gene family, may add to the com plexity of the embryo's response to RA. Identification and characterization of the intermediate players which modulate the specific effects of RA on both skeletal and cardiac muscle development may uncover additional similarities in the regulation of myogenesis by this im portant morphogen.
 
 IV. Pos itional I nformation i n Striated M u sc l e A s discussed previously, the induction o f skeletal muscle in the vertebrate embryo can be attributed to the combined action of local inducing factors which lead to the expression of MDFs in committed myogenic lineages. Much less is currently known about the mole cular cues underlying the correct spatial and temporal control of muscle formation. The complex organization of muscles in the vertebrate body plan is established early in development, guided by positional cues from other cells in the surrounding connective tissue, coordi nated with the formation of motor neuronal connec tions. The positional information prefiguring muscle pattern must ultimately be integrated with regulatory programs for muscle gene transcription. Recent studies have provided increasing evidence that the patterning of certain muscles in vertebrates and invertebrates may be directly determined by the same genetic pathways that control morphogenetic patterning in other cell types, such as connective tissue and the nervous system.
 
 A. H o m e obox Prote i n F u n ct i o n i n M u s c l e Patte rn i n g The establishment of the embryonic body plan is controlled at least in part by the homeodomain gene family, comprising an ancient, structurally related group
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 of transcription factors. These proteins regulate down stream gene expression programs in spatially and tem porally restricted patterns to specify the body axes. A common structural motif, the homeobox, consists of a 183-bp stretch of nucleotides encoding the homeodo main, which preferentially binds AfT-rich sequences in DNA (Gehring et at., 1990; Hayashi and Scott, 1 990; Treisman et at., 1 992). Homeobox genes can be divided into distinct cate gories based on their functions in establishing tissue patterns. The first category comprises the clustered HOMfHox genes, which are conserved in both inverte brates (HOM) and vertebrates (Hox) and expressed in specific patterns or codes to confer regional identities. Perturbation of HOMfHox expression results in charac teristic homeotic structural transformations. These mor phological changes are considerably more difficult to detect in muscles than in the axial skeleton itself, in which homeotic transformations have traditionally been scored by changes in vertebral morphology. The second category is represented by many non clustered homeobox-containing genes (including Pax-3; Fig. 3D) whose deletion results in the loss of proper specification of the muscle precursor cells in which they are normally expressed. A final category consists of other nonclustered homeobox genes (including Pax-I; Fig. 3B) which exert indirect effects on morphogenetic processes, presumably by controlling the growth or dif ferentiation of myoblasts. Members from each of these categories have been found either in muscle precursors or in the tissues surrounding these precursors and have varying effects on the pattern of cells committed to the myogenic phenotype (Olson and Rosenthal, 1994).
 
 B. G e n e Targets fo r Pos it i o n a l SpeCifi c at i o n of S k e letal M u s c l e The pathways by which homeobox factors control muscle gene transcription in vivo remain to be charac terized since understanding how positional information and cell identity is conferred by these genes will require
 
 Figure 4 Retinoic acid synthesis in developing muscle. (A-C) Whole mount immunohistochemical analysis of quail embryos, using an an tibody to RALDH2, a key enzyme catalyzing the dehydrogenation of retinaldehyde to retinoic acid. (A) Stage 1 1 Hamilton and Hamburger (HH) quail embryos synthesize high levels of RALDH2 in segmented somites, in the unsegmented paraxial mesoderm, and in the prospective left ventricle, atrium, sinus venosa, and lateral plate mesoderm. Note the anterior-posterior boundary of enzyme expression, located at the level of the prospective left ventricle. (B) Stage 14 HH quail embryos display a more restricted pattern of RALDH2 synthesis. The enzyme recedes in the somites, with immunoreactivity in the anterior somites fading before that of more posterior somites. RALDH2 enzyme is still strong in the prospective left ventricle and in sinoatrial tissues. (C) A transverse section through a stage 16 HH quail embryo indicates that at this stage RALDH enzyme in somites is concentrated in sclerotomal tissues. (D) Whole mount immunohistochemical analysis of an Embryonic Day 9 mouse, using an antibody to RALDH2. The enzyme is abundant in the somites but largely absent from the head and anterior heart at this stage. Note an anterior-posterior boundary of enzyme in the body at approximately the level of the prospective left ventricle.
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 the identification of downstream muscle gene targets that respond to regional cues during embryogenesis. Some information has been gained by extensive charac terization of the cis-acting regulatory elements associ ated with muscle-specific genes. For example, the myosin light chain (MLC ) 113 locus includes distinct transcrip tional regulatory elements that are activated in skele tal and cardiac tissues, as established by studies in cell culture and in transgenic mice (McGrew et ai., 1 996). One subset of these elements directs chamber-specific transgene expression during heart development (see Chapter 19). Another subset directs a gradient of trans gene expression in developing somites that increases posteriorly, constituting a positional marker for the epaxial segmented muscles arising from the myotome (Grieshammer et ai., 1 992). Disappointingly, mutation of an AfT-rich Hox binding site in the transgenic MLC regulatory sequences does not change the graded pat tern of transgene expression (Rao et ai., 1 996). How ever, mutation of an E-box directly adjoining this Hox site is sufficient to release the repression of the other wise unmodified MLC transgene in rostral axial mus cles, abrogating the rostrocaudal gradient (Ceccarelli and Rosenthal, unpublished observations). It is likely that the complex of factors (including clustered Hox pro teins) that bind to this DNA sequence in vitro (Gong et ai., 1996), may regulate the rostrocaudal position sensitive activity of this transgene in vivo. A direct role for HOM genes in muscle patterning has been elegantly demonstrated in Drosophila em bryos (Grieg and Akam, 1993; Michelson, 1994). The use of muscle-specific enhancers to target misexpres sion of selected members of the HOM BX-C cluster, normally exclusively in the abdomen to more anterior segments results in transformation of the muscles in these segments to an abdominal identity (Fig. 5). Such studies provide clear evidence for the cell-autonomous role of HOM genes in establishing muscle identities during fly development. Whether positional specification of vertebrate skel etal muscles involves the direct action of clustered Hox genes remains unproven. It is clear that although hypaxial muscle pattern can be affected by perturba tions in Hox gene expression during limb development (Morgan et ai., 1992), the action is undoubtedly indirect, arising from altered signals from the surrounding mes enchyme in the embryonic limb. In midline structures, Hox genes appear to be targets for positional cues, however, as demonstrated by a recent study showing that the control of rostrocaudal pattern in the develop ing spinal cord, as judged by Hox gene expression pat terns, is initiated by signals from the paraxial mesoderm (Ensini et at., 1998). This raises the intriguing possibility that the mechanisms responsible for establishing rostro-
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 Figure 5 Autonomous determination o f muscle patterns by homeotic genes in the Drosophila embryo. Analysis of loss-of-func tion mutations in the BX-C cluster of HOM genes has shown that two of the BX-C genes, Ubx and Abd-A, are necessary for proper forma tion of particular muscle precursors in selected abdominal segments. In contrast, expression of the BX-C gene Abd-B suppresses the for mation of these cells in the last abdominal segment. Because the BX C genes are expressed in the overlying epidermis and in motor neu rons as well as muscle precursors, assignment of a cell-autonomous role in muscle patterning to these genes relies on a mesoderm-specific HOM ectopic expression scheme. (Top) Diagram of a Drosophila em bryo, with three thoracic segments (T) and the eight abdominal seg ments (A). Domains of BX-C cluster gene expression (Ubx, Abd-A, and Abd-B) are indicated above. Wild-type pattern of a muscle marker (nautilus) expression in ventral muscle cells is indicated by black dots. Activation/suppression of nautilus expression by Ubx, Ab A, or Abd-B in different segments is indicated below. (Bottom) Ef fects of mesoderm-restricted misexpression (black bar) of either Ubx or Abd-A on transformation of anterior muscles to an abdominal identity, as indicated by nautilus expression in all segments. Note that the suppression of nautilus expression in segment 8 by Abd-B is also overcome by the ectopic expression of Ubx or Abd-A in that segment (adapted from Michelson, 1994).
 
 caudal distinctions in myogenic cells might also confer upon them positional signaling properties, which in turn could pattern the cell types generated in the adjacent neural tube.
 
 C . Hox G e n e Act i o n a n d Card i ac M u s c l e Patte rn i n g Common paradigms for generating muscle pattern may exist between skeletal muscle cells and those in the myocardium, which are also subject to complex posi tional cues. During mouse embryogenesis, several clus-
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 tered Hox proteins are expressed in overlapping do mains in the cardiac compartment, suggesting that these proteins may also be involved in cardiovascular pat terning. Specifically, knockout of the Hoxa-3 gene re sulted in a mouse with cardiac abnormalities and dys function. Conversely, disruption of another member of the Hox gene family, Hoxa-2, apparently did not affect cardiac function (Gendron-Maguire et aI., 1993; Rijli et aI., 1 993). These knockout experiments reveal that at least some clustered Hox genes expressed in the car diac compartment may play a patterning role in car diac morphogenesis. The discovery that a nonclustered homeodomain-containing factor, Nkx-2.5, is essential for normal vertebrate cardiac morphogenesis (see Chapter 7) suggests that other nonclustered home odomain genes expressed in developing skeletal muscle may play similar roles in the specification of patterning in this tissue as well.
 
 V. Skeletal M u scle Cel l Divers ity and Fi ber Type Specification Although skeletal muscle superficially appears to be a relatively homogeneous tissue, it is actually composed of a heterogeneous population of myofibers that to gether modulate its contractile properties. The multiple types of fibers found in the skeletal muscle of adult vertebrates represent an additional level of complexity in the regulation of muscle-specific gene transcription. The heterogeneous nature of skeletal muscle has been known for over a century (Ranvier, 1 874). Fibers were originally classified according to differences in con traction rates. Biochemical, histochemical, and im munological assays have since been developed to allow typing of individual fibers within sections of muscle tissue. These techniques have revealed the molecular diversity among fibers, both at the cell surface and in the energy-generating and contractile systems. A simi lar diversity undoubtedly exists in the heart, although this is represented largely by chamber-specific gene ex pression patterns rather than by variation in myocar dial cell type within a particular chamber. Changes in fiber composition represent a maj or component in skeletal muscle degeneration associated with both ag ing and neuromuscular diseases, and the molecular ba sis of fiber type diversity is currently an area of active research.
 
 A. Defi n it i o n of S ke l etal M u s c l e F i b e r Types The contraction rate o f a skeletal muscle fiber is primarily regulated by its ATPase activity. This in turn
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 is determined largely by the particular myosin heavy chain (MyHC) isoforms expressed in the fiber. As a re sult, the phenotypes of specific muscle fibers have been traditionally defined by the MyHC isoforms they ex press. Each of the major fiber types contains a different MyHC that is expressed by a distinct gene. The MyHCs with the highest ATPase activity are expressed in those fibers that contract most rapidly, whereas MyHC iso forms with low rates of ATP hydrolysis are found in those muscle fibers that contract slowly (Barany, 1 967; Guth and Samaha, 1 969). The diversity of MyHC and other fiber-restricted genes expressed throughout the life span of an organ ism reflects the enormous versatility of skeletal muscle structure and function. At least 10 genes that encode MyHCs expressed in skeletal muscle exist in mice, many of which have been shown to be clustered to gether in a single locus (Cox et aI., 1 991) . It remains to be seen whether the chromosomal position of these genes within the MyHC locus governs the order of de velopmental expression in a manner similar to that of the Hox and globin gene loci. Each MyHC isoform has a unique pattern of expression in development and is often expressed in several muscle cell types. These include isoforms that are transiently expressed in skeletal muscle fibers during development (embry onic, perinatal and a-cardiac), two adult slow fiber specific isoforms (type I or �-cardiac and slow tonic), and five fast-specific isoforms (types IIA, lIB, IIX, lIeom, and 11m). Type I fibers express a MyHC iso form, also present in heart muscle (Fig. 6). Types lIeom and 11m are highly specialized MyHCs found only in the superfast extraocular fibers and in certain jaw muscles of carnivores, respectively. Many adult fib ers express more than one isoform at a time and are considered to be hybrid or mixed fiber types. This suggests that MyHC genes expressed together in cer tain fibers may contain common cis-regulatory se quences that are recognized by fiber-specific transcrip tion factors. In addition to the MyHCs, many other muscle struc tural proteins are expressed in a fiber-specific manner, including the troponin subunits, myosin light chains, 2 a-tropomyosin, and the sarcoplasmic reticulum Ca + _ ATPase (Kaprielain and Fambrough, 1987; Cox et aI., 1991). Each of these proteins is represented by separate isoforms expressed in slow and fast fibers. Together with the MyHCs, contractile proteins are expressed in uni que combinations that satisfy the necessary range of muscular function. The signals responsible for generat ing this diversity are complex and responsive to envi ronmental factors but ultimately rely on gene expres sion patterns originally established in the developing embryo (Fig. 7).
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 Fig u re 6 Expression o f a cardiac myosin heavy chain in the slow fibers o f mouse muscles. Immunohistochem ical analysis of a cross section from an adult mouse gastrocnemius muscle, using an antibody directed against the cardiac MyHC, which is also expressed in skeletal muscles, exclusively in slow fibers. Note the characteristic scat tered, nonuniform distribution of this fiber type in the muscle bed (courtesy of C. Neville).
 
 B . Estab l i s h me n t of M u s c l e F i b e r D ive rs ity i n t h e E m b ryo The mechanisms by which specialized muscle fibers are generated from their less specialized embryonic precursors are of particular importance for understand ing the molecular basis of fiber diversity. As previously discussed, myogenic precursor cells originating in the somite give rise to a population of embryonic myoblasts that are heterogenous in character (Stockdale, 1992). Upon differentiation, these myocytes express unique combinations of fiber-specific proteins which continue to shift during embryogenesis and early postnatal life. There are several alternate models for the genera tion of fiber diversity, each invoking different pathways of transcriptional control. In the first model, myoblasts are homogeneous and capable of giving rise to all of the different types of fibers in skeletal muscle. Extrinsic in fluences, such as circulating hormones, growth factors, and innervation, later play a crucial role in determining and maintaining fiber-specific gene expression patterns. An environmental component is certainly evident in the adult, as illustrated by the imposition of fiber type by
 
 motor innervation. A classic study (Buller et ai., 1960) demonstrated that the fiber-type properties of an adult muscle can be transformed by cross-innervation with a different nerve. The effects of cross-innervation can be duplicated by using an appropriate frequency of electri cal stimulation, directly demonstrating the role of elec trical activity in modulating gene expression in the ma ture muscle fiber (Lomo and Rosenthal, 1972). From these results, it was inferred that the nerve also in structed muscle fiber differentiation during develop ment. However, myocyte heterogeneity is evident prior to muscle innervation (Butler et ai., 1982; McLennan, 1 983; Crow and Stockdale, 1986; Phillips et at., 1986; Condon et at., 1990). Moreover, the initiation of my ofiber diversity proceeds normally in embryonic chick and rat limbs that have been denervated in vivo by re moval of the neural tube or treatment with the drug cu rare (Fredette and Landmesser, 1991). It thus appears that at least in early development, fiber-specific gene regulation is cell autonomous or determined by influ ences other than innervation. In the second model, muscle fiber diversity is the re sult of distinct lineage directives that are inherited by
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 Fig u re 7 Muscle-specific expression of a transgene during mouse embryogenesis. Regulatory elements from the myosin light chain 113 locus (Rosenthal et al., 1989) driving a human placental alkaline phos phatase reporter transgene in an Embryonic Day 14.5 mouse embryo. This transgene is destined to be active throughout the life of the ani mal, exclusively in fast fibers (courtesy of C. Neville).
 
 differentiating cells from their progenitors. Myoblasts committed to the same fate must then fuse with each other, such that different fiber types would be derived from intrinsically distinct types or lineages of myoblasts. This model is supported by experiments involving the fusion of individual primary embryonic chick myoblasts propagated in culture. The resulting myotubes form three classes: those that express only fast isoforms, those that express only slow isoforms, and the remainder ex press both isoforms. A clonal population of cells is used to derive each set of myotubes and every cell within the set expresses the same MyHC isoforms. The initial my oblasts must therefore be intrinsically different in order
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 to form myotubes with distinct patterns of transcription in the absence of innervation (White et ai., 1 975). A third, more complex model invokes an interplay between extrinsic signaling and intrinsic cellular pro grams. In this multistep model, the range of genes expressed in different lineages becomes increasingly re stricted during development (Cox et ai., 1991). Tran scriptional regulatory pathways which determine a par ticular fiber type would result in specific patterns of cell surface markers, presented on the surface of muscle precursors destined to respond selectively to extracellu lar signals, with innervation playing a role in maintain ing selected fiber-specific gene expression in the mature myofiber. Although the molecular details of this hypothetical cascade are not yet known, this last model integrates current information and provides a useful framework for further investigation. The details may differ dramat ically in the heart. In skeletal muscle, each myofiber is electrically isolated by a basal lamina, whereas car diomyocytes are electrically coupled by gap junctions. In addition, it is not clear that the well-documented in structive influence of the motor neuron in mature skele tal muscle holds true for the cardiac system. In each of the models described previously, differ ences in skeletal muscle fiber type are ultimately attrib uted to differences in gene expression, which contribute to the versatility in energy metabolism, fatigue resis tance, and contraction rates that satisfy the functional requirements of individual muscles. Identification of the specific mediators that determine fiber type-specific gene expression is an important objective in skeletal muscle research.
 
 C . b H LH Facto rs a n d Reg u lati o n of M u s c l e F i b e r Type Since skeletal muscle fiber phenotypes are not faith fully maintained in cell culture, it has been difficult to characterize the trans-acting factors that regulate mus cle gene transcription in a fiber-specific manner. The MDFs are not activated in fiber-specific patterns during development, although in adult muscle the relative ex pression levels of myogenin and MyoD have been shown to be higher in slow type I and fast type lIB fibers, respectively (Hughes et ai., 1993). A mechanism could be postulated whereby a threshold amount of a particular myogenic factor is required to activate a pro gram of fiber-specific gene expression by preferentially binding to specific E-box targets (Weintraub, 1 993). However, this hypothesis is not supported by the phe notypes of MDF-null mouse models, in which animals that survive to adulthood do not display expected per turbations of fiber type.
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 Alternatively, the involvement of E proteins, ubiqui tously expressed bHLH transcription factors, in the es tablishment of mammalian muscle fiber diversity is sug gested by the observation that different E proteins are restricted to distinct subsets of the three adult fast fiber groups (Neville and Rosenthal, unpublished observa tions). Further clues are provided by the phenotypes of mice carrying homozygous targeted disruptions in each of the three E protein loci E2A, E2-2, and HEB (Zhuang et al., 1996). In addition to the profound effects on B cell lineage establishment and proliferation, these three lines of E protein null mice each lack one of the three fast fiber types. Fiber-specific gene expression can be rescued by transfection of the appropriate E protein in muscle cell cultures derived from E protein knockout animals. Moreover, forced expression of a transgene en coding an E protein in a different fiber type in vivo re sulted in the predicted ectopic activation of a fiber-spe cific target gene (Neville et aI., 1 998). These results support a model in which heterodimerization of distinct E proteins with myogenic bHLH factors in different fiber types provides sufficient selectivity to recognize the modular genetic targets responsible for patterns of fiber-restricted gene expression.
 
 V I . Future P ros pects The molecular programs governing skeletal muscle myogenesis are likely to be paradigmatic of other de velopmental processes in the embryonic mesoderm. Delineation of similar genetic pathways in cardiac de velopment may prove to be more challenging, however, since master gene regulators of cardiac differentiation or commitment have yet to be identified in myocardial or vascular precursors. In contrast to the molecular schemes operating in skeletal muscle determination, it is possible that multiple classes of factors may be in volved in the initial commitment of cells to a cardiac lin eage. Moreover, programs of tissue patterning in the vertebrate heart may have evolved separately using chamber- or structure-specific regulatory pathways. The recent discovery that a specific set of cardiac malforma tions in man arise from mutations in the human Nkx-2.5 gene (Schott et aI., 1998), a key determinant of heart morphogenesis in Drosophila (see Chapter 5) and mice (see Chapter 7), provides a new paradigm to explore these possibilities, and underscores the importance of sharing insights derived from model systems and hu mans. It is also not clear to what extent the plasticity of the adult skeletal muscle phenotype extends to the my ocardium, altering its repertoire of contractile protein isoforms in response to diverse stimuli. A recent excit-
 
 ing breakthough has delineated at least one molecular mechanism whereby cardiac hypertrophy is induced in response to increased workload or to pathological stimuli, recapitulating fetal gene expression programs through activation of the calcium-mediated calcineurin signaling pathway (Molkentin et aI., 1 998). Remarkably, the same pathway has been implicated in specifying the slow fiber type in skeletal muscle (Williams et aI., 1998). It remains to be seen whether a similar pathway is acti vated in skeletal muscle hypertrophy, in which case lessons learned from the cardiac system may provide new prospects for the treatment of the devastating at rophy associated with neuromuscular diseases.
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 N Neural crest, 179-193 CHARGE syndrome, 1 86 chick embryo, ablation model, 180-183 DiGeorge syndrome, 185-186 double-outlet right ventricle, 183, 187-189 fetal alcohol syndrome, 186 helix-loop-helix transcription factors, 150-153 human syndromes, 185-187 mouse, mutations in, 183-185 patch mutant mouse, 183-184 splotch mutant, 183 mutations, 188 neurofibromatosis gene NF-l codes, 1 88 nonmuscle myosin heavy chain-B, 188-189 NT-3 receptors, 188 null mutations, 184-185 endothelin, 184 hoxa-3, 185 retinoic acid receptor, 185 retinoid X receptor, 185 velocardiofacial syndrome, 185-186 null overexpression, i n transgenic mouse, 184-185 origin lineage, 31 persistent truncus arteriosus, 183 phenocopies, ablation, 183-187 RAR/RXR mutants, 188 retinoic acid embryopathy, 186-187 retinoids in, 215-216 teratogens, 187-188 tetralogy of Fallot, 183 ventricular septal defect, 183 versus myocyte origin, conduction system, 27-28 versus proepicardial origin, vasculatures, 26 Neurofibromatosis gene NF-l codes, neural crest, 188 Neuron, origin lineage, 31 NK homeodomain factors, 273-287 bone morphogenetic proteins, 274-275 cardiac alpha-actin gene, Nkx2-5 transactivation, 283-285 NK-2, 1 1 1-129 Drosophila, 1 15-1 16 evolution of gene family, 1 16-1 18 expression of, morphogenetic field, 1 19 hand gene, 123-125 homeobox genes, embryonic patterning, 113 marker analysis, 122-123 myocardiac development, 1 12-11 3 Nkx 2-5 expression of, 1 1 8-1 1 9 phenotype, 121-122 pattern formation, 1 13-114 target genes, 119 tinman gene, 1 15-116, 120-121
 
 I ndex
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 relatives of, 1 16-1 1 8 lVkx2, 280, 285-287 lVkx2-8, avian, 275 serum response factor, 280-283 SRF-accessory protein interactions, 283 vertebrate lVkx2-5, 274 Nodal phenotype, primary myocardium and, 1 99 Nonmuscle myosin heavy chain-B, neural crest, 188-189 Nuclear hormone receptors, atrial chamber, 361-363 Null mutations, neural crest, 184-185 endothelin, 184 hoxa-3, 185 retinoic acid receptor, 185 retinoid X receptor, 185 velocardiofacial syndrome, 185-186 Null overexpression, neural crest, in transgenic mouse, 184-185
 
 o Oncoproteins, viral, cardiac cell cycle, 414-416 Opitz GIBBB syndrome, conotruncal cardiac defects, 465
 
 p Patterning, vascular, molecular mechanisms, 238-244 p300-dependent pathway, cardiac cell cycle, 414-416 Persistent truncus arteriosus, neural crest, 183 Pocket protein cardiac cell cycle, 413-414 dependent pathway, cardiac cell cycle, 414-416 Polarity, heart field, 43-44 Precardiac fields, retinoids in, 211-212 Precardiac mesoderm, induction of, zebrafish, 99-100 Proepicardial origin lineage, 3 1 versus neural crest, vasculatures, 26 Pruning, vascular, molecular mechanisms, 237-238 PTA, see Persistent truncus arteriosus Purkinje fiber differentiation of, 29 within myocyte lineage, inducing, 30 origin lineage, 31 from ventricular myocytes, 29-30
 
 R Randomization global, in left-right asymmetry, 376 isolated, in left-right asymmetry, 376 RAR/RXR mutants, neural crest, 188 Regionalization, transcriptional potential, in myocardium, 333-355
 
 anterior-posterior patterning, 344-347 atrial transcriptional regionalization, 334-337 cardiac compartments, 337-343 left-right patterning, 344-347 molecular basis, 347-349 ventricular transcriptional regionalization, 334-337 Regulative properties, heart field, 43 Remodeling tubular heart, mechanisms of, 159-177 vascular, molecular mechanisms, 237-244 Restriction during development, heart field, 46 Retinoic acid neural crest, embryopathy, 186-187 receptor, neural crest, 185 signaling, skeletal muscle development, 504-507 Retinoids, 209-21 9 i n aorticopulmonary septation, 215-216 axial specification and, 212 in endocardial cushion development, 212-21 4 i n looping, 214 in neural crest, 215-21 6 i n precardiac fields, 2 11-212 in ventricular maturation, 214-215 vitamin A metabolism, 210 vitamin A receptors, 210-21 1 in wedging, 214 Retroviral cell lineage, 21-22
 
 s Segmental cardiac development, helix-loop-helix transcription factors, 1 43-155 Segmentation, tubular heart, mechanisms of, 159-177 Separate origin, versus common origin, in cardiac lineage, 20-21 Septation, tubular heart, mechanisms of, 1 59-177 Signal transducers, cardiac cell cycle, 409 Sinus node, cardiac polarity and, 1 96-197 Situs ambiguus, left-right axis malformation genetics, 481-483 Skeletal muscle development, 491-512 bHLH factors, 51 1-512 cell diversity, 509-512 epaxial muscle, 500 fiber diversity, in embryo, 510-5 1 1 type, 509 specification, 509-512 gene regulation in, 494-498 DNA regulatory elements, 495 mef2 factors in, 458 myogenic determination factors, 495-496 regulation of, 497-498 specificity of, 496-497
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 Skeletal muscle development (continued) homeobox protein function, 507 Hox gene action, patterning and, 508-509 hypaxial muscle, 500 molecular genetics, 493-5 1 1 myogenic determination factors, perturbation of, 502-503 positional specification, gene targets, 507-508 retinoic acid signaling, 504-507 somite development of, 499 epithelial, determination of, 499-500 medial-lateral patterning of, 503-504 somitogenesis, genetic control of, 500-502 striated muscle, positional information in, 507-509, 509 Smooth muscle coronary, origin lineage, 31 differentiation, vascular, regulation of, cell cycle and, 429-443 restenotic lesions, 438-440 Somite development of, in skeletal muscle development, 499 epithelial, determination of, in skeletal muscle development, 499-500 medial-lateral patterning of, in skeletal muscle development, 503-504 Somitogenesis, genetic control of, in skeletal muscle development, 500-502 Specification heart field, 40-42 timing of amphibians, 54-55 chick, 53-54 SRF, mitogen-regulated transcription factors, 433-434 SRF-homeobox protein interactions, 273-290 gene therapy, for heart disease, 287 NK homeodomain factors, 273-287 avian Nkx2-8, 275 bone morphogenetic proteins, 274-275 cardiac alpha-actin gene Nkx2-5 transactivation, 283-285 SRF transactivation, 283-285 Nkx2, 285-287 Nkx2 homeodomain, 280 Nkx code, 275-279 serum response factor, 280-283 SRF-accessory protein interactions, 283 vertebrate Nkx2-5, 274 Striated muscle, positional information in, 507-509 Symmetry, in human heart, 447-461 atrium, morphology of, 448-450 isometric atrial appendages, morphology, 453-455 atrioventricular connections, in isomerism, 455
 
 left isomerism, 455 right isomerism, 453 ventriculoarterial connections, in isomerism, 455 transpositions, morphology of, 450-453 versus lateralization, 447-448
 
 T T antigen, TEF-l, interaction with, 324 TEF-l , MCAT binding, 311-323 in cleavage-stage embryonic development, 322 DTEF-l, 316 ETEF-l, 316-317 induction, 321-322 modification, 321-322 multipartite activation domain, 318-319 NTEF-l, 312-314 promotor, 321 repression by, 319-321 RTEF-1, 314-315 TEA class, DNA binding domains, 318 translation, 321 Teratogens, neural crest, 187-188 Tetralogy of Fallot, neural crest, 183 TGF-13 signaling molecule, molecular mediators, cardiac induction, 60 Tie-I , in vascular development, 241-242 Tie-2, in vascular development, 232, 241 Tinman gene Drosophila heart development, 70-74 equivalence, functional, 73-74 expression of, 70-72 function of, 70 molecular mechanisms of, 79-82 NK-2 class homeodomain factors and, 1 16-118, 120-121 Topological changes, impulse conduction pathway, 27 Trabecular ventricular component, vertebrate heart, 200-204 Tracking of cells, in cardiac fate mapping, 5-6 labeling cells, 5 -6 location, cell population, 5 Trans-acting factors, MLC-2v, CARp, 263 Transcriptional potential, in myocardium, regionalization, 333-355 anterior-posterior patterning, 344-347 atrial transcriptional regionalization, 334-337 cardiac compartments, 337-343 left-right patterning, 344-347 molecular basis, 347-349 ventricular transcriptional regionalization, 334-337 Transcription factors cardiac cell cycle, 409-410 dHAND, segmental cardiac development, 143-155
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 eHAND, segmental cardiac development, 143-155 helix-loop-helix, segmental cardiac development, 143-155 Transforming growth factor superfamily members, endocardial cushion formation, 167 Trisomy 16 mouse model, endocardial cushion formation, 170 Truncus arteriosus, persistent, neural crest, 183 Ts16 heart defects, endocardial cushion formation, 171 Tube formation Danio rerio, cardiac development, 100-102 Drosophila heart, vertebrates, compared, 69 zebrafish, 100-102 Tubular heart atrial chamber gene expression, 360-361 endocardial cushion fate, 1 59-177 remodeling, mechanisms of, 159-177 segmentation, mechanisms of, 159-177 septation, mechanisms of, 159-177 Twist gene, Drosophila heart development, 68-69
 
 u Urodele, heart formation, 38-40 USF-1, in ventricular heart chamber regulation, 263
 
 v Valve formation, zebrafish, 106-107 Valve leaflet formation, endocardial cushion formation, 168-169 Vascular cell lineage origin, 23-26 Vascular smooth muscle cell apoptosis regulation, 436-438 atherosclerotic lesions, 438-440 cell cycle regulation in, 435-436 developmental origins, 429-430 GATA-6 transcription factor, 434-435 mitogen-regulated transcription factors, 431-434 gax homeobox gene, 431-433 MADS box transcription factors, 433-434 phenotypic modulation, 430 regulation of differentiation, cell cycle and, 429-443 Vasculogenesis cardiac lineage, 24-26 model, 26 Velocardiofacial anomaly face syndrome conotruncal cardiac defects, 464 structures affected, development of, 467-469 null mutations, neural crest, 185-186 Ventricle maturation, retinoids in, 214-215 MLC-2 paradigm, 255-272 contractile protein, 256 MLC-2a, 266-267
 
 downregulation of, 266 expression of, 256-258 induction during hypertrophy, 267-268 retinoids, 266 ventricular specification, 266 MLC-2a downregulation, 258 MLC-2v, 258-264 anterior-posterior expression gradient, 259-261 combinatorial pathways, 258-259 embryonic heart function, 264-266 expression of, 256-258 hierarchical regulation of, 263-264 induction during hypertrophy, 267-268 me!2 pathways, 264 promotor, lineage tracing, 268-269 trans-acting factors, 261-263 CARP, 263 USF-1, 263 YB-1, 261-263 ventricular specification, 259-261 morphology of, 448-450 Ventricular septal defect, neural crest, 183 Ventricule, myocyte lineage origin, 22-23 origin lineage, 31 Purkinje fibers from, 29-30 Vertebrate heart induction, 51-62 cardiogenesis induction, 56-59 amphibians, 58-59 chick, 56-58 mouse, 56-58 cardiogenesis inhibition, 59 commitment, timing of, 53-55 differentiation, molecular markers, 55-56 fate mapping, 52-53 amphibians, 53 chick, 52-53 molecular mediators, cardiac induction, 59-61 bone morphogenetic proteins, 59-60 TGF-13 signaling molecule, 60 specification, timing of, 53-55 amphibians, 54-55 chick, 53-54 Viral oncoproteins, cardiac cell cycle, 414-416 Vitamin A metabolism, in heart development, 210 Vitamin A receptors, in heart development, 210-2 1 1
 
 w Wedging, retinoids in, 214 Wingless gene, Drosophila heart development, signaling by, 76-77
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 I ndex
 
 x Xenopus heart formation in, 40 left-right asymmetry, 378-380
 
 y YB-1, in ventricular heart chamber regulation, 261-263
 
 Z Zebrafish cardiac development, 91-1 10 cardiac mutants, 100
 
 chamber formation, 104-105 embryonic development, 95 endocardial cell differentiation, 102-103 function mutations affecting, 93 onset of, 103-104 genetic model system, 94 heart tube formation, 100-102 looping, 105-106 morphogenesis, mutations affecting, 92 precardiac mesoderm, induction of, 99-100 valve formation, 106-107 Zinc finger transcription factors, GATA family, 293-296
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