
ABSTRACT 
 

GIAMARIO, CAROL. Satellite Cell Plasticity in the Chicken Embryo. (Under the 
direction of Paul Mozdziak.) 
 
 

During embryogenesis, mononucleated myoblasts fuse, forming myotubes that 

subsequently develop into mature myofibers. Myonuclei are not capable of division. 

Postnatal muscle growth occurs through an increase in myofiber size, not by an 

increase in myofiber number. Myofiber number does not change, adult myonuclei are 

postmitotic and cannot synthesize DNA. In postnatal vertebrates the increase in 

myofiber size (muscle growth) is directly related to myonuclei. The source of these 

additional nuclei is the satellite cell. Satellite cells are defined by their morphological 

criteria as occupying grooves between the basal lamina and sarcolemma of the muscle 

fiber. Satellite cells define a unique lineage of myogenic progenitors that arise late in 

development, and they are required for postnatal muscle growth and repair. Satellite 

cells express myogenic specific genes, thus representing committed stem cells. That 

are distinct from their daughter myoblasts. Despite repeated challenges to the muscle, 

there is recurrent regeneration of the satellite cell population without exhausting the 

supply of myogenic cells suggesting that satellite cells have the capacity for growth and 

self-maintenance. 

Satellite cells exhibit the characteristics of stem cells because a stem cell is not 

differentiated, displays a capacity for self-renewal throughout the lifetime of an organism, 

and has the potential to give rise to differentiated progeny. In the past, satellite cells 

were believed to be unipotent, giving rise to only one type of differentiated progeny. The 

myogenic precursor cells. However, current research suggests that satellite cells are not 



a homogeneous committed pool of myogenic stem cells, but rather a heterogeneous 

population with different subpopulations. Whether there are different subpopulations of 

satellite cells with each population having specific or multiple roles, or one population of 

myogenic precursor cells with the ability to "multitask" and adapt or "transdifferentiate" 

into many roles. If there is a subpopulation of myogenic precursor cells, in addition to the 

satellite cell, from what cell lineage does this pool of myogenic precursor cells arise and 

what is their developmental capacity? 

 This study investigated the plasticity of satellite cells in the chicken embryo. 

And the question that we set out to answer; "Is the chicken satellite cell plastic"? Can the 

satellite cell from adult chicken take on new identities? 

The objective of the first experiment was to demonstrate that microinjection of 

somites in Stage 10 (HH) embryos could result in viable chicks. The goal of the 

experiment was to develop a method to study satellite cell plasticity at the generally 

accepted site of embryonic origin, and to develop methods that will provide insight about 

the effect to embryonic manipulation on posthatch muscle. A successful method was 

accomplished where 54% of the embryos from the stage 10 injections, 19% from the 

stage 12 injections, and 62% from the stage 15 injections hatched. 

The objective of the second experiment was to test the hypothesis that avian 

skeletal muscle satellite cells can/cannot participate in cardiogenesis in avian embryonic 

hearts. Freshly isolated skeletal muscle cells and cultured skeletal muscle cells were 

used prior to transplanting satellite cells into embryonic hearts. The findings showed that 

transplanted skeletal muscle cells from adult tissue can integrate into avian embryonic 

tissue. 



The objective of the third experiment was the production of chick chimeras 

utilizing myoblast transplantation methodology, to determine the plasticity of satellite 

cells in skeletal muscle. The positive control for this experiment was the production of 

somatic chimeras from Barred Plymouth Rock blastodermal cell transfer to recipient 

Stage X, White Leghorn embryos. In the study, blastoderm injection into irradiated 

recipients; 62.5% of somatic chimeras survived to feather color stage, ED 15. 

The objective of this experiment was to produce chick chimeras utilizing myoblast 

transplantation to demonstrate the plasticity of satellite cells in skeletal muscle. 

 Survival in irradiated embryos injected with myoblasts and blastodermal cells 

(treatments 1 and 2) was 9.4% and survival in non-irradiated embryos injected with 

myoblasts and blastodermal cells (treatments 3 and 4) was 17.7%. Irradiated injected 

embryos (treatments 1 and 2) and non-irradiated injected embryos were subjected to 

chi-square statistical analysis to determine if irradiation effects embryonic survival.  

Numbers of dead and live irradiated stage X embryos subjected to treatments 1 and 2, 

myoblast and blastodermal cell injection, were subjected to chi-square analysis showing 

that irradiation is inconsequential to injected embryonic survival.  The result of the high 

mortality (90.5%) in irradiated treatments 1 and 2 and non-irradiated treatments 3 and 4 

(82.2%) could possibly be the result of cell concentration.  

 Irradiation and high myoblast cell concentration could possibly account for this 

high embryonic mortality (92.9%). No somatic chimeras were produced after the 

injection of myoblasts, but somatic chimeras were produced with blastodermal cell 

injections. 
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SATELLITE CELL PLASTICITY IN CHICKEN      
EMBRYOS 

1. LITERATURE REVIEW 

1.1. DEVELOPMENT OF THE CHICKEN EMBRYO 
 
 
1.1.2 FERTILIZATION TO OVIPOSITION 
 

The hen's ovary is juxtaposed to the infundibulum, which is the uppermost 

portion of the oviduct. The infundibulum is where the ovulated egg enters the oviduct 

and fertilization occurs (Eyal-Giladi, 1984). As the fertilized egg travels down through the 

magnum, isthmus, and uterus, the egg white proteins, the shell membrane, and the shell 

itself are sequentially added before laying. By the time the egg is laid an anteroposterior  

axis has been established, the hypoblast develops from the epiblast, and there are 

about 60,000 cells in the blastoderm (Eyal-Giladi, 1984). The upper end of the 

blastoderm is posterior and the lower end anterior. The subgerminal cavity is a non-yolky 

fluid-filled space separating the blastoderm from the underlying cell mass. Above the 

subgerminal cavity is a transparent central region called the area pellucida. The cells in 

the area pellucida are only a few layers thick. Opaque cells on the periphery of the 

blastoderm outlines the area opaca (Eyal-Giladi, 1993). At the time of lay, the chick 

embryo is known as a stage X embryo (Eyal-Giladi and Kochav, 1976) revealing a 

definable border between the area opaca and area pelllucida and containing a 

population of "embryonic stem cells" that can contribute to a diverse array of tissues 

(Eyal-Giladi, 1984). 
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1.1.3 OVIPOSITION TO PRIMITIVE STREAK 
 

A proliferative ridge termed Koller's sickle forms from the posterior end of the 

blastoderm. From this ridge cells detach forming a loose tissue layer below the surface 

of the area pellucida called the hypoblast. After 12 h of incubation, the hypoblast is fully 

formed. By 20 h cellular movements of gastrulation have begun (Eyal-Giladi, 1993) 

which gives rise to three germ layers: ectoderm, mesoderm and endoderm. Gastrulation 

is characterized by a thickening along the posterior midline, which elongates becoming 

an area of active invagination and ingression defined as the primitive streak. The 

developing chick embryo’s morphological characteristics are identified in a table of 

stages developed by Hamburger and Hamilton (1951). The table of morphological 

characteristics depicts a series of developmental stages. The Hamburger and Hamilton, 

table goes from Stage One, Pre-streak, to Stage 46 during the 21-day development of 

the chick. Stages 1 through 6 identify the embryo by the development of the primitive 

streak. Stages 7 to 14 are based on the number of visible pairs of somites. Beyond 

stage 14, it is difficult to identify the somites or diagnose morphological developmental 

changes. Beginning at stage 15, the limb buds, visceral arches, and other external 

structures are used as identifying developmental criteria. 
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1.1.4 SOMITOGENESIS 
 

Somitogenesis starts with the engagement of mesodermal cells from the late 

primitive streak into the caudal end of the segmental plates (Stockdale et al., 2000). 

Moving laterally from the primitive streak the mesoderm forms a thin lateral mesodermal 

sheet. The thin lateral mesodermal sheet is split into two sheets: one adhering to the 

overlying ectoderm, called the somatic mesoderm, the second sheet adjoining the 

underlying endoderm, called the splanchnic mesoderm (Christ and Ordahl, 1995). An 

area called Hensen's Node develops with the formation of the anterior-posterior axis, 

anterior to the primitive streak. Using quail/chick (interspecies) blastodermal cell grafts 

Krenn et al. (1988), determined that cells competent for skeletal myogenic differentiation 

first appear in the cranial part of the primitive streak. The node and primitive streak move 

rostral to caudal, recruiting presomitic mesodermal cells from the paraxial mesoderm 

forming epithelial somite spheres on either side of the neural tube. The somites develop 

from the paraxial mesoderm that lies alongside the neural tube. Somites form in pairs 

which progress caudally from new mesenchyme cells entering the paraxial mesoderm as 

a consequence of gastrulation (Christ and Ordahl, 1995). The first pair of somites forms 

at stage 7 (Hamburger and Hamilton, 1951). The newly formed somites are epithelial 

spheres. Receiving signals from the surrounding structures, differentiation within the 

maturing somite forms the sclerotome (which gives rise to cartilage and bones of the 

trunk) myotome, and dermatome. Epithelial spheres form by a process of budding from 

the rostral (head) end of the avian segmental plate. 

During embryogenesis, new somites are continuously forming. Each somite pair 

undergoes a process of maturation, ultimately leading to the entire axial skeleton, the 

trunk musculature, and the limb muscles (Christ and Ordahl, 1995). Ordahl and Le 
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Douarin (1992) performed half-somite transplantation experiments in which quail donor 

half-somites were transplanted into chick recipient embryos. These experiments 

indicate that the lateral and medial halves of the somite have distinctly different 

developmental fates which give rise to two different skeletal muscle lineages within the 

vertebrate embryo. All compartments of the somite contribute endothelial cells to the 

formation of vascular structure (Christ and Ordahl, 1995). Vertebrate segmental 

organization is the result of the segmentation of the paraxial mesoderm. As the somites 

develop, their cells give rise to structures that are also segmentally organized: the 

vertebral column, thoracic wall, skeletal muscle, and the skin (Bagnall et al., 1988). 

Single somites, consisting of several thousand cells, vary greatly in developmental 

stage and heterogeneity. 
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Figure 1A. Muscle precursor cells during embryogenesis 

Figure 1B . Members of the MyoD family 

 

 

(Hawke and Garry, 2001) 
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1.2 MYOGENESIS 
 

1.2.1 ORIGIN OF MYOGENIC CELLS 

 
Skeletal muscle development requires the formation of myoblasts that can fuse 

with each other to form multinucleate myofibers (Schultz and McCormick, 1993). 

Most of the fundamental understanding of early vertebrate embryogenesis comes from 

experimental work with the chick embryo. Studies of the avian somite have played a key 

role in clarifying the developmental history of most muscle and bone in the organism. 

Skeletal muscle development requires the formation of myoblasts that can fuse with 

each other to form multinucleate myofibers. Vertebrate skeletal muscle is derived from 

multipotential cells in the somitic mesoderm that give rise to committed myogenic 

precursor cells, which in turn become the skeletal muscle of the head, trunk, and limbs. 

The somite can be divided into epaxial and hypaxial parts. Epaxial and hypaxial 

are domains of the body referring to the location of structures with respect to the 

vertebral column. The epaxial dermomyotome is an epithelial structure located on the 

dorsal-lateral part of the somite, adjacent to the neural tube and notochord which gives 

rise to the deep back muscles. The rest of the body musculature and the limbs originate 

from the hypaxial edge of the dermomyotome. The myotome forms under the 

dermomyotome which also has an epaxial and a hypaxial distinction, suitably intertwined 

into the musculature of the trunk (Buckingham et. al., 2003). 

Influenced by signals from the surrounding tissues, dorsal ectoderm, neural tube, 

and notochord, somite compartmentalization occurs. Somite compartments can be 

identified by the expression patterns of Pax genes, members of the paired box 

transcription factor family. Pax-3 is expressed in the dorsal part of the epithelial somite. It 
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is essential for the migration of muscle precursors from the somites (Tajbakhsh et al., 

1997) and is expressed in a small population of satellite cells. The ventral two thirds of 

the somite express Pax-1, a label of sclerotome development (Brand-Saberi et al., 

1996). Pax-7 is required for satellite cell specification (Seale et al., 2000). The premitotic 

myogenic precursors of the chick limb bud are the first to migrate and express Pax-3 at 

stage 19-21 (HH), but have not initiated MyoD or Myf5 expression. The mesenchymal 

cells of the limbs are thought to provide the positional cues for the muscle progenitor 

cells coming from the somite (Christ and Ordahl, 1995). 

The hypaxial musculature and limb musculature differentiate independent of the 

axial structures (Brand-Saberi et al., 1996). The dorsomedial quadrant (DMQ) of the 

somite gives rise to the epaxial muscles of the back (Williams and Ordahl, 1997). These 

somitic muscle precursor cells differentiate in situ within the somite. The hypaxial muscle 

precursor cells, located in the dorsolateral quadrant (DLQ) of the somite, migrate away 

from the somite(Beresford,1983) to the limb muscle beds (Ordahl and Le Dourain, 

1992). The lateral and medial halves of the somite have distinctly different 

developmental fates, which give rise to two different skeletal muscle lineages within the 

vertebrate embryo (Ordahl and Le Douarin, 1992). The apical ectodermal ridge (Cossu 

and Molinaro, 1987) is partially responsible for the proportion of cells that leave the 

somite versus those which stay. 

Long before differentiation occurs, different compartments of the somites give 

rise to special cell lines. Weintraub et al. (1991) identified the MyoD gene as the "master 

regulatory gene" in activating the myogenic program. Although this MyoD model for cell 

determination has been challenged by Williams and Ordahl (2000), fate restriction may 

be cell autonomous in limb muscle precursor cells and muscle precursor cells are not 
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dependent on continuous muscle-inducing signals to maintain phenotype fidelity prior to 

differentiation. The MyoD gene is a member of a multigene family of myogenic 

determination genes (myogenin, myf-5, MYF4 -herculin-myf-6). The MyoD is a protein, 

318 amino acids in length that must bind to two or more control regions of muscle-

specific genes. Kaehn et al. (1999) demonstrated that high-level expression of a single 

MDF gene immediately precedes the appearance of the first differentiated skeletal 

myocyte. Mice with null mutations in myogenin show reduced differentiated muscle. 

Differentiation is completely absent in mice with combined mutations in MyoD and Myf5 

(Rudnicki et al., 1993). 

Paraxial mesoderm of the developing embryonic mouse receives inductive 

signals from the surrounding tissues in activating myogenesis. Myf-5 and MyoD respond 

to signals from axial and dorsolateral structures. MyoD is influenced by the dorsal 

ectoderm and is activated in the lateral half of somites. Myf-5 is influenced by the neural 

tube and is expressed in the medial half of the segmental plate (Cossu et al., 1996). 

Each somite gives rise to between 30 and 100 migratory myogenic precursor cells 

(Ordal and Le Douarin, 1992). Myf5 is necessary for the maintenance of fate restriction 

in migrating limb muscle precursor cells prior to differentiation (Williams and Ordahl, 

2000). Limb-specific, low level Myf5 and MRF4 expression is present at the onset of 

avian limb growth (Stage 15HH) and can be detected in cells of the limb mesoderm 

(Brand-Saberi et al., 1985). 

Using interspecies somite-grafting techniques (Chevallier et al., 1977), and 

comparing the morphology of heterochromatic (identifying quiescence) satellite cell 

nuclei and myofibers in embryonic chick and quail muscles, Armand et al. (1983) 

concluded that myofibers and satellite cells are of the same somatic origin. However, 
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transplantation studies in quail-chick chimera embryos indicate that postnatal satellite 

cells are unable to take part in muscle embryogenesis, suggesting that satellite cells 

represent a differentiated non-totipotential type of myogenic cell (Chevallier et al., 1986). 

Feldman and Stockdale (1992) concluded that embryonic and fetal myoblasts are 

distinct from adult myoblasts or satellite cells. Cultured adult myoblasts were harvested 

from 4 month old chickens. Adult myoblast DNA synthesis began after 24 hr, peaking at 

64 hr, indicating a lag time in DNA synthesis. In contrast, fetal myoblast, isolated from 

ED8 chick hind limbs, showed rapid DNA increase 2hr after plating, and peaked within 

24 hr. Adult myoblast length reached 30µm between 48 and 72 hr after plating and was 

small in size during the two day incubation before DNA synthesis began. Fetal myoblast 

length reached and maintained 30um by 24 hr. During development there is a 

replacement of fetal myoblast population by adult myoblast population. Isolated ED 8 

chick fetal myoblasts start to diminish at ED 12-13 and are replaced by adult myoblasts 

between ED12 and ED16. 

Hartley et al. (1992) identified the emergence of avian satellite cells during 

development by examining myosin heavy chain (MHC) expression in embryonic 

(ED10) and adult (12-14 weeks) chicken pectoralis muscle. Myocytes (differentiated 

myoblasts) and myotubes on ED18 are committed to an adult pattern of fast MHC 

expression. One phenotype of skeletal muscle is fast-twitch glycolytic fibers. Fast 

twitch fibers contain few mitochondria, fatigue rapidly and contain high activities of 

glycolytic enzymes. Fast twitch is also known as "white" muscle. 

Adult myoblasts (satellite cells) are dominant in late embryogenesis and become 

the predominant population prior to hatching. Adult myoblast exclusively formed fast 

fibers regardless of culture duration. In contrast, fetal chicken myoblasts isolated from 
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ED12 chicken hind limbs initially expressed only fast myosin isoforms. However, in 

extended culture they expressed both fast, MHC, and slow, SM1, myosin proteins 

(Feldman and Stockdale, 1992). Slow skeletal muscle fibers known as "red" muscle are 

oxidative, contain high numbers of mitochondria, are slow in contracting, and are 

fatigue-resistant. These patterns of expression were also observed in clonal cultures, 

making the expression of ventricular MHC in myocytes and newly formed myotubes a 

marker for adult myoblasts (Hartley et al., 1991). 

 Taken together these studies document the existence of heterogeneity among 

different populations of myoblasts. 

 

1.3 DEFINING A SATELLITE CELL 
 

During embryogenesis, mononucleated myoblasts fuse, forming myotubes which 

subsequently develop into mature myofibers (Campion, 1984). Nuclei within the myofiber 

are not capable of mitosis. Postnatal muscle growth occurs through an increase in 

myofiber size, not by an increase in myofiber number (Remignon et al., 1995; Mozdziak 

et al., 1997). Myofiber number does not change because adult myonuclei are postmitotic 

and cannot synthesize DNA (Stockdale and Holtzer, 1961). In postnatal vertebrates the 

increase in myofiber size (muscle growth) is directly related to myonuclei (Allen et al., 

1979). The source of these additional nuclei is the satellite cell. Moss and Leblond 

(1970), identified satellite cells as the source of nuclei in muscles of growing rats. 

Embryonic myogenesis gives rise to two types of muscle cell in mature skeletal 

muscle: (1) myofibers, which are the functional contractile unit, and (2) satellite cells. 

Myogenic cells in postnatal muscle are considered to be derived from mononucleated 

cells located on the surface of the myofiber and lying beneath the basement membrane 
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and the plasma membrane of the differentiated muscle fiber. These cells were originally 

defined on the basis of their morphological position and were therefore termed satellite 

cells (Mauro, 1961). 

During embryonic development, muscle tissue consists of clusters of myogenic 

cells separated by loose connective tissue. Each cell cluster contains a multinucleated, 

primary myotube and numerous mononucleated myogenic cells. The myogenic cells are 

closely attached to the myotube, but the basal lamina is not yet present. By 18 days 

gestation, in the rat embryo, the basal lamina encloses the cluster of cells, and the 

mononucleated myogenic cells may now be defined as satellite cells (Bischoff, 1994). 

Along the primary myotubes, second generations of myotubes are formed by satellite 

cell fusion; eventually the secondary myotubes detach and become surrounded by 

separate basal lamina. Satellite cells are independent of the adjacent myofiber and the 

gap between the two cells is 15 nm (Bischoff, 1994). Satellite cell nuclei appear near 

myofiber nuclei and the nucleus of the satellite cell is oval containing large amounts of 

inactive heterochromatin. Satellite cells are uniformly distributed throughout the length 

of the muscle and are frequently seen in close association with the myoneural junction. 

In all species at some stage in development, satellite cells proliferate, withdraw 

from the cell cycle, and become mitotically quiescent. Satellite cells do not fuse to the 

myofiber, not because myofibers accept no more cells, but rather because satellite cells 

are different from embryonic myoblasts. Myogenic cells collect on the surface of the 

myotubes even before the basal lamina forms. Bischoff (1994, 1997) showed the 

migration of satellite cells across the basal lamina in a variety of experimental conditions, 

concluding satellite cells are different from embryonic myoblasts and that the sublaminal 

position of satellite cells is optional, not obligatory. Satellite cells are defined as 
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mononucleated cells lacking myofibers and situated beneath the basal lamina of skeletal 

muscle fibers (Bischoff, 1994). 

Satellite cells are distinct from their committed myogenic lineage. Three distinct 

functions arise as a result of the intimate relationship between the satellite cell and the 

mature myofiber. Satellite cells rebuild muscle, provide new nuclei to mature myofibers 

in response to demands, and are the source of new nuclei for growing myofibers. 

Myofiber growth in turkeys from 9 to 26 weeks of age occurs through an 

increase in the cytoplasmic to myonucleus ratio (DNA unit size) (Mozdziak et al., 1994). 

Various muscle stresses, such as work overload or muscle trauma, can activate the 

quiescent satellite cell when it rapidly reenters the cell cycle. Depending on how much 

muscle repair is necessary, the activated satellite cells undergo limited or multiple 

rounds of cell division followed by cell cycle withdrawal and fusion into existing or newly 

formed fibers (Bischoff, 1994). Although satellite cells become quiescent during 

development, proliferative activity is reinitiated following muscle injury. Satellite cell 

progeny can fuse into multinucleated fibers which express muscle specific proteins 

(Campion, 1984). 

Satellite cells are not identical to embryonic myoblasts, (Cusso et al., 1987) 

based on differences in the expression of acetylcholine-handling proteins. Acetylcholine 

receptors (AChRs) are distributed evenly over the cell surface in vitro. All satellite cells 

express AChRs channels while none of them bind antimyosin antibodies 

(Undifferentiated - myosin negative). Cultured undifferentiated satellite cells from adult 

mice exhibited functional acetylcholine binding sites similar to those observed in 

differentiated (myosin-positive) myoblasts and myotubes. 

The molecular analysis of myogenesis has identified several myogenic 
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regulatory factors (MRFs). Myogenic regulatory factors are a group of transcription 

factors whose expression is exclusive to skeletal muscle regulating myoblast 

proliferation and differentiation. Myogenic markers belong to the family of basic helix-

loop-helix (bHLH) transcription factors and are involved in skeletal myogenesis. MyoD 

family members directly regulate the expression of contractile protein genes in skeletal 

muscle cells through their interaction with E-box DNA-binding sites (Lassar et al., 1989). 

The skeletal muscle basic helix-loop-helix (bHLH) proteins (MyoD, Myf5, myogenin and 

MRF4) function as dominant activators of skeletal muscle differentiation. Satellite cells 

are quiescent in adult animals (Schultz et al., 1978). MyoD and myogenin mRNA was 

detected by occasional satellite cells in normal uninjured adult muscle, and are rapidly 

upregulated after injury (Grounds, 1991). Upon in vivo satellite cell activation, MRFs act 

at multiple steps in the myogenic pathway. Myf5 and MyoD are first expressed in the 

proliferating cells, followed by myogenin expression as the cells enter differentiation 

(Cornelison and Wold, 1997). Gene knockout experiments (Rudnicki et al., 1992) 

identified the overlapping functions of Myf5 and MyoD in the determination of myogenic 

cell fate and the formation of myoblasts during embryogenesis. The deletion of MyoD or 

Myf5 does not significantly affect muscle development, whereas the deletion MyoD and 

Myf5 completely eliminates the skeletal muscle lineage (Rudnicki et at., 1993). In 

mouse development, Myf5 is the earliest marker of myogenic commitment appearing in 

the rostral dermomyotome at embryonic day 8 (Buckingham et al., 2003). In birds, 

MyoD is expressed first in the myotomal cells of the somites, in which cells are not yet 

committed. Without functional Myf5 protein, cells that would normally undergo myogenic 

differentiation can adopt nonmuscle fates before the onset of MyoD expression (Ordahl 

et al., 2000). Myf5 can be considered the determination gene for skeletal myogenesis 
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(Cooper et al., 1999). In healthy adult rodent muscle, satellite cells do not detectably 

express MRFs (Grounds, 1991). Using MyoD antibodies, Yablonka-Reuveni and 

Paterson (2001) characterized the expression patterns in cultured fetal and adult 

chicken myoblasts before they differentiated. Fetal myoblasts displayed a rapid 

expression of MyoD and myogenin and rapidly fused into myotubes, indicating that they 

are primarily committed and destined to divide several times before terminal 

differentiation. Adult myoblasts displayed a lag in MyoD and myogenin expression 

compared to fetal myoblasts. There was also a lag in the onset of myogenin 

expression compared to MyoD. This indicates that adult myoblasts express MyoD first, 

then myogenin. The ability of the adult myoblast to bypass MyoD expression might be 

important for its capacity to remain proliferative for a longer time. The role of MyoD in 

executing cell cycle withdrawal and differentiation has been demonstrated by Halevy et 

al. (1995). The lag of acquiring MyoD in the adult myoblast allows them to remain 

proliferative for a longer time and behave like a "stem cell" enabling them to be "plastic" 

and impervious to their surroundings of extracellular agents. The absence of MyoD 

distinctively affects muscle regeneration, delaying the transition of satellite cell 

descended myoblasts from proliferation to differentiation (Yablonka-Reuveni et al., 

1999). 

Members of the paired box transcription factor family, Pax3 and Pax7, have 

been shown to be fundamental to muscle biology. Pax3 is necessary for the migration of 

muscle precursors from the somites during myogenesis (Tajbakhsh et al., 1996). 

Hypaxial limb muscle precursor cells in the limb bud mesoderm continuously express 

Pax3 mRNA prior to expression of MDFs (MyoD family members) (Williams and Ordahl, 

2000). Double mutant mouse embryos lacking Myf5 and Pax3 lack body muscles, 
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indicating Pax3 has function in the upstream regulation of MyoD. Pax7, a paired-box 

transcription factor, has been shown to be expressed by quiescent satellite cells in 

normal muscle (Zammit and Beauchamp, 2001). Seale et al. (2000) showed that skeletal 

muscle of Pax 7-/- mice lacks satellite cells. Cells cultured from Pax7-/- muscles are 

incapable of supporting myogenesis. Seale et al. (2000) concluded that Pax7 signals 

commitment to the myogenic lineage. 

Halevy et al., (2004), has developed a model describing satellite cell dynamics 

during myogenesis in early posthatch muscle development. By using cell culture and in 

vivo methods, the majority of Pax7+/MyoD- cells are in a pre-myogenin condition. The 

Pax7 cells negative for both MyoD and myogennin represent reserve myoblasts. These 

Pax7+/MyoD- cells could be daughter cells of proliferating Pax7+/MyoD+ lineage, 

suggesting alternate fates adopted by satellite cells. Pax 7 induces satellite cell 

specification by restricting alternate developmental programs (Asakura et al., 2002). 
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Figure 2. Satellite cells sublaminar position 

 

 

(Hawke and Garry, 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 16



1.4 HETEROGENEOUS NATURE OF SATELLITE CELLS 

 
Although there are differences within populations of embryonic, fetal and adult 

muscle precursor cells, it is not known if there are lineages of satellite cells equivalent to 

these populations. Moss and Leblond (1970) established that satellite cells divide in vivo 

and, with time, are incorporated into growing muscle fibers, increasing myofiber size by 

increasing myonuclei. This is the mechanism of postnatal muscle growth. After the 

mitotic division of a satellite cell, one daughter cell fuses with the muscle fiber. The other 

maintains mitotic capacity and contributes to the upkeep of a steady-state level of stem 

cells. 

Satellite cells in aging animals are still capable of differentiation, but are reduced 

in number and in mitotic capacity (Allen et al., 1979; Schultz and Lipton, 1982). With 

time, the steady-state will shift toward a reduction in the satellite cell stem cell 

compartment. The question is then - How is the satellite cell compartment preserved? 

Currently, there are three scenarios which address the question. Moss and Leblond, 

(1970) suggests that satellite cells are inherently heterogeneous. Once activated, they 

adopt different fates to provide both new myonuclei and maintain the satellite cell pool. 

The most recent view is that satellite cells are part of a network representing a 

committed myogenic precursor providing myonuclei and satellite cell replacement. Their 

replacement comes from a stem cell located within the muscle or outside of the muscle 

tissue (Asakura et al., 2001; Rivier et al., 2003). Evidence increasingly indicates that 

satellite cells are a heterogeneous population (Zammit et al., 2004; Qu-Petersen et al., 

2002). During embryogenesis and skeletal muscle development, Weintraub et al., (1991) 

identified MyoD as the single myogenic master regulator gene for directing determination 

and differentiation. Cooper et al. (1999) and Zammit et al. (2004) determined that there 
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are combinations of regulatory genes, namely, Pax 3, Pax7 and MyoD. Using the c-met 

receptor to locate the quiescent satellite cell population beneath the basal lamina of 

isolated myofibers, Cornelison and Wold (1997) characterized the satellite cells as a 

heterogeneous population based on their coinciding genetic expression of Myf5, MyoD, 

myogenin and MRF4. A population of activated satellite cells expresses either MyoD or 

Myf5 alone, within the first 24 hours. Within 48 hours, these cells become positive for 

both MyoD and Myf5. A small population of satellite cells does not become activated 

until after 96 hours. At 96 hours data shows that satellite cell mass cultures express all 

four MRFs (Cornelison and Wold, 1997). The lag in satellite cell activation perhaps 

indicates a small cell population with stem-cell-like renewal characteristics. 

Feldman and Stockdale (1992) characterized the appearance of the adult 

myoblast cell. It differs from the fetal myoblast, although both are of somatic origin. It is 

not known whether adult myoblasts migrate from the somites as a diverse lineage, or 

emerge from a common precursor in the developing muscle (Hartley et al., 1992). 

Two main in vitro strategies have been employed in the study of satellite cells: (1) 

myogenic primary cell culture and (2) cultures of isolated intact myofiber, where the 

satellite cells remain in their in situ position underneath the myofiber basal lamina. The 

second method allows for more critical evaluation of adult satellite cells in their native 

position without the complexity of the intact tissue, as well as in evaluating their progeny 

after migrating from the myofiber. Intact myofiber isolation may model myogenesis in an 

environment in which the muscle structure is preserved, such as during muscle growth 

and hypertrophy. 

In vitro results obtained by Schultz and Lipton (1982) describe two different 

satellite cell progenitor populations. The majority of colonies isolated from rat muscle 
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form small colonies, divide rapidly, and are committed to terminal differentiation. A 

minority cell population formed large colonies and divided slowly. Diversity in colony size 

suggests progenitor cell divisions may not produce progeny that are immediately 

available for fusion. Progeny from these non-fusing satellite cells might be a distinct 

population of reserve cells maintained to create new satellite cells. With the use of a 

satellite cell clonal culture system Hashimoto et al. (2004) identified two cell types. The 

first is slowly dividing "round cells" which form clusters, can regenerate skeletal muscle 

after transplantation and do not differentiate. The second is rapidly dividing "thick cells" 

which are progeny of the round cell and can undergo myogenic or osteogenic 

differentiation. 

Satellite cells isolated from Pectoralis and Anterior latissimus dorsi muscles of 

2.5 to 6 month - old chickens or quail show that different muscle types have an unequal 

distribution of satellite cells. Satellite cells have properties that permit them to be 

distinguished from one another thus establishing the differences of the differentiated fate 

of satellite cells (Feldman and Stockdale, 1991). 

CD34 is used as a marker in the hematopoietic system which identifies activated 

stem cells to either self-renew, enter quiescence, or initiate commitment to differentiation 

(Beauchamp et al., 2000). The appearance of satellite cells coincides with the onset of 

CD34 expression in skeletal muscle and implies a common ancestor with hematopoietic 

and endothelial derived primordial satellite cells. In isolated muscle fibers and primary 

cell cultures from mouse leg muscles, Beauchamp et al. (2000) showed that 80% of the 

satellite cells were CD34+/Myf5+, presumably reflecting commitment to myogenesis. 

The minority of CD34-/Myf5- cells could represent a stem-cell population responsible for 

replenishing the primary population. 
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 Quinn et al. (1984, 1985) developed the concept that once a stem cell becomes 

committed it must divide at least four times before forming myoblasts. Grounds and 

McGeachie (1987) found that after injury, satellite cells divide twice before fusing to form 

myotube. This conflicts with the model of Quinn et al. It is proposed that stem cells are 

not the source of satellite cells. Rather, satellite cells may represent a separate cell 

along the myogenic lineage. 

 When mouse C2C12 myogenic cell line cultures are induced to differentiate, 

clonal genetically homogeneous cells can produce two populations upon terminal 

differentiation. One population represents terminally differentiated committed cells, the 

other MyoD- population retains the capacity to self-renew and give rise to 

differentiation- competent progeny (Yoshida et al., 1998). 

Through the use of myogenic transcription factors Zammit et al. (2004) determined that 

quiescent satellite cells are activated, proliferate, and in time differentiate. Populations 

of "clustered" cells were found to withdraw from the cell cycle and regain their quiescent 

phenotype. These cells can re enter the cell cycle to replenish the satellite cell pool or 

terminally differentiate. 

Satellite cells are not a homogeneous population of cells equivalent to embryonic 

muscle precursors. There are structural and functional differences. Satellite cells are a 

distinct class or lineage of myogenic cells. 
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1.5 MULTIPOTENTIALITY OF SATELLITE CELLS 

The skeletal muscle-committed, mononucleated, myogenic precursor is the 

myoblast. Myoblasts fuse to form myotubes which in turn mature into myofibers. Adult 

myofibers are incapable of proliferation. The skeletal muscle resident procreator, still 

capable of replication, is the satellite cell. Satellite cells are distinct from their committed 

myogenic family based on their location. Satellite cells are physically identifiable by 

positional criteria based on its anatomic association with a myofiber. Satellite cells are 

mononucleated cells and reside outside the sarcolemma but beneath the basal lamina 

that surrounds the myofiber (Mauro, 1961). Satellite cells are also distinct from their 

myogenic progeny in their ability for self-renewal. Satellite cells are able to maintain a 

stable population within muscle regeneration. 

One method to stimulate satellite cell regeneration is to inject the muscle with a 

myotoxic anesthetic, such as bupivacaine hydrochloride (Marcaine). The myofibers are 

killed but the satellite cells, nerves, and blood supply allow regeneration. Satellite cell 

mitotic division is asymmetric, resulting in a population of committed myoblasts and a 

reserved satellite cell population. 

Progeny of activated satellite cells are classified as myogenic precursor cells 

(MPCs). Satellite cells form a population of stem cells which are behaviorally and 

phenotypically distinct from their daughter myogenic precursor cells (Bischoff, 1994; 

Beauchamp et al., 1999). However, this phenotype does not provide clues of cellular 

origin. 

It has been shown that satellite cells exhibit multipotential mesenchymal stem 

cell activity (Shefer et al., 2004; Asakura et al., 2001). Tissue-specific stem cells, 

including satellite cells, may share a common embryonic origin and express their genetic 
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diversity in response to environmental stimuli. 

 De Angelis et al. (1999) has disclosed that clonal skeletal myogenic cell that 

share the same morphology and express myogenic and endothelial markers as satellite 

cells are present in the mouse embryonic dorsal aorta. Skeletal muscle of the vertebrate 

is derived from the somites, which are segmental blocks of paraxial mesoderm. The 

mesoderm also gives rise to blood as well as all the blood vessels, muscles, bones, 

cartilage, and connective tissue of the trunk. Somatic mesoderm (which adheres to the 

overlying ectoderm) will give rise to all of the osteogenic, chondrogenic, and fibrogenic 

cells of the body wall and limbs (except ribs and the smooth muscle cells of blood 

vessels) (Christ et al., 1979a). Splanchnic mesoderm (which adheres to the underlying 

endoderm) will give rise to the striated heart muscle and smooth muscle cells of the gut 

and associated blood vessels. Splanchnic and somatic mesodermal cells are competent 

to differentiate into skeletal muscle (Christ et al., 1979a). Satellite cells may be derived 

from multipotent endothelial cell precursors during development. These observations 

support a model for satellite cell development that occurs independently of embryonic 

myogenesis (De Angelis et al., 1999). 

Bone marrow-derived cells have been involved with muscle regeneration (Ferrari 

et al., 1998). Transplantation studies demonstrated that cells within bone marrow could 

form fully differentiated skeletal muscle. Gussoni et al. (1999) have shown a low rate of 

muscle differentiation of bone marrow-derived stem cells. Jackson et al. (1999) and 

Mckinney-Freeman et al. (2002), isolated muscle-derived cells from murine 

gastrocnemius, soleus, and plantais muscle. The 5-day in vitro culture of muscle-derived 

cells were analyzed for expression of hematopoietic markers. Sca-1 and CD45 have 

shown the capacity for hematopoietic differentiation after intravenous injection into 
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lethally irradiated mice. The satellite cell is thought to be the cell in skeletal muscle with 

hematopoietic activity (Jackson et al., 1999). Freshly isolated satellite cells do not initially 

express the muscle-specific transcription factors, MyoD and Myf5, which activate 

myogenic differentiation. (Grounds, 1991; Cornelison and Wold, 1997). Satellite cells 

lacking myogenic differentiation transcription factors may be responsive to 

environmental cues and may adopt an alternative fate in a new environment. 

It is possible that these cells originate from multipotent, mesenchymal stem cells. 

During embryogenesis, paraxial mesoderm gives rise to myocytes, osteocytes, 

chondrocytes, and adipocytes in response to signals from surrounding tissue (Brand-

Saberi et al., 1996). Satellite cell primary cultures isolated from mice hindlimb and 

treated with bone morphogenetic proteins or adipogenic inducers differentiated only into 

osteocytes or adipocytes. Satellite cells from cultured muscle fibers differentiated into 

osteocytes, adipocytes, and primary myoblasts, but not into hematopoietic cells 

(Asakura et al., 2001). 

Shefer et al., (2004) Found clonal colonies of satellite cells from freshly isolated 

myofibers. They determined that colonies can spontaneously (without lineage inducing 

additives) give rise to myogenic or non-myogenic mesenchymal descendants. A "de-

homed" satellite cell (a satellite cell extracted form the parent myofiber, deprived of 

neighboring cells and their secreted inductive signals) in an unfamiliar signaling 

environment takes on a mesenchymal suppleness and can randomly commit to either a 

myogenic or mesenchymal alternative differentiation (MAD) pathway. "De-homed" 

satellite cells displayed cell heterogeneity with respect to Pax7 expression, indicating 

that Pax7 does not conclusively grant myogenic lineage commitment. Within the satellite 

cell population some daughter cells are committed to myogenesis while others 
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uncommitted. 

Is the Satellite cell confined to its title as a "myogenic stem cell" - precursors of 

the myogenic lineage? Or can it be defined as a true stem cell, i.e. a cell which, does not 

differentiate, has a lifetime capacity of self-renewal, and gives rise to at least one 

differentiated cell type. 

Whether the satellite cell fits in this stem cell category is open to debate. At this 

time, it is difficult to draw conclusions from literature, and it remains unclear as to 

whether all/some satellite cells are stem cells. 

 

1.6 STEM CELLS IN ADULT SKELETAL MUSCLE 

The view that satellite cells are monopotential, and exclusively regenerate adult 

muscle has recently been challenged. Current research demonstrates that muscle also 

contains a population of adult stem cells called muscle-derived stem cells (MDSCs). A 

stem cell is defined as a cell that is able to replace itself, is not differentiated, gives rise 

to at least one differentiated cell type, and may be expected to operate throughout the 

lifetime of the individual (Partridge, 2002). 

Current research has identified a distinction between the muscle-derived stem 

cell and the satellite cell. Current thinking is that the muscle derived stem cell is not 

limited only to the myogenic or mesenchymal tissues (Jankowski and Huard, 2004). 

Gussoni et al., (1999) reported that intravenous injection of mononucleated 

muscle cells (side population cells) fractioned on the basis of their efflux of Hoechst dye 

into irradiated mdx mice could restore the hematopoietic compartment. In addition, 

transplanted side population cells incorporate donor-derived nuclei into muscle, and 

could partially restore dystrophin in muscle. In vitro, the muscle side population cells 
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maintained a spherical shape, did not settle on the plate, and differentiated into 

myoblasts after two weeks. In contrast, the cultured main population (MP) muscle cells 

fully differentiated into myoblasts within one week. 

Desmin and Pax7 are expressed in both quiescent satellite cells and their 

proliferating progeny (Seale et al., 2000; Shefer and Yablonka-Reuveni, 2004; Zammit 

and Beauchamp, 2001). Myoblasts in adult muscle Pax7 mutant mice, lacking satellite 

cells, show higher percentages of side population cells (Seale et al., 2000). Desmin or 

Pax7 expression was not detected in the side population cell fraction. Asakura et al. 

(2002) with the use of FACS/Hoechst isolation, confirms that muscle-derived stem cells 

and satellite cells exhibit distinct cellular populations within adult skeletal 

muscle (Asakura et al., 2002). 

Myogenic cultures derived from a single cell revealed heterogeneous population. 

Cultured in conditions designed to induce terminal differentiation, a minority cell 

population retained the ability to proliferate and renew itself (Baroffio et al., 1995) 

Beauchamp et al. (1999) identified a minor subpopulation of cells, which slowly 

divide in culture, survive transplantation, and proliferate rapidly in vivo. This small cell 

fraction led to the formation of a dystrophin positive myofibers three weeks after 

injection. 

Hashamito et al., (2004) has also confirmed this and of a sub-population of cells 

with stem cell characteristics in myoblast culture. Establishing a primary culture system 

from single fibers from mouse gastrocnemius muscle, each clonal colony derived from a 

single satellite cell was able to be followed. Clonal cultures identified two distinct cell 

types in single-satellite cell derived colonies: (1) "round" slowly dividing cells, and (2) 

"thick" rapidly dividing cells. "Round" cells are the descendants of quiescent satellite 
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cells, are capable of self-renewal, do not differentiate, and produce the "thick" cells 

which are committed to myogenesis. 

Together these studies demonstrate that tissue specific muscle-derived stem 

cells exist in skeletal muscle and represent a distinct cell population from satellite cells. 

Asakura et al. (2002) suggest that muscle derived stem cells and satellite cells co-exist 

as stem cell tiers residing in equilibrium within adult muscle with the potential to 

undergo myogenic specification. 

The interest lies in the capacity of skeletal muscle for recurrent regeneration 

without exhausting the supply of myogenic stem cells, and for its application in 

myoblast transplantation. The characterization of specific cell populations within 

this heterogeneous mixture of muscle progenitors would facilitate the isolation of 

the most efficient regenerative populations for the use in myoblast transplantation. 

Myoblast transplantation has been investigated as gene delivery vehicles in the 

treatment for Duchene Muscular Dystrophy (DMD) (Patridge et al., 1989; Huard et 

al., 1992), and to repair cardiac muscle via cellular cardiomyoplasty (Hagege et al., 

2003; Pagani et al., 2003) 
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1.7 CREATING AN ENVIRONMENT TO ACCESS THE DEVELOPING CHICK 

EMBRYO 

The accessibility of the chick embryo makes it one of the best models for study of 

embryonic development and cell fate. The study of satellite cells in the chick embryo 

involves the insertion of viable satellite cells into the developing chick. Methods have 

been developed to provide access to the developing embryo and to culture the 

manipulated egg to hatch. With the improvement of ex ovo whole - embryo culture, the 

manipulated chicken embryo can now be maintained from freshly laid eggs to hatching 

(Bowornpinyo et al., 2005; Perry, 1987). As a result of chick embryo accessibility, 

embryonic manipulation has led to important experimental insights aiding in our 

understanding of the developmental process. The usefulness of the chicken embryo 

increased with the development of quail-chick transplantation techniques (Le Douarin, 

1973). Both in the medical community and agriculture have a significant interest in 

skeletal muscle regeneration. An understanding of myogenesis is based on manipulation 

of chick embryos and chick/quail chimeras (Le Douarin, 1973; Christ et al., 1977, 1978; 

Chevallier et al., 1977). The objective of this thesis was to study satellite cell plasticity in 

chick embryos. 
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2. OBJECTIVES 
 

AIM 1: TO MANIPULATE SOMITES AND HATCH CHICKS. 

Skeletal muscle arises from somites. Muscle development is scientifically 

important for the poultry industry, and the goal of poultry production is to produce lean 

tasty meat. The objective of this experiment was to demonstrate that the microinjection 

of somites in Stage 10 (HH) embryos could result in viable chicks. The long term goal 

was to employ the procedures in subsequent studies aimed at gaining insight to satellite 

cell biology. 

The goal of the experiment was to develop a method to study satellite cell 

plasticity at the generally accepted site of embryonic origin, and to develop methods that 

will provide insight about the effect on embryonic manipulation on posthatch muscle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 39



 
AIM 2: DEMONSTRATE SATELLITE CELL PLASTICITY IN THE HEART 
 

Adult cardiomyocytes do not proliferate; therefore, an adult heart is incapable of 

repairing itself. Destruction of cardiac myocytes is associated with an irreversible loss of 

myocardium and is replaced with scar tissue. Damaged skeletal muscle is able to 

regenerate because of the satellite cell. The role of recruitment from other stem cells into 

cardiomyocytes for the formation of new cardiac muscle has recently attracted much 

attention. Manipulation of muscle stem cells or satellite cells (?) may eventually remodel 

therapies for cardiac disease. Myogenic cells are a potential therapy for ischemia-

damaged myocardium. There have been reports of successful engraftment of 

autologous skeletal myoblasts into injured myocardium in multiple animal models of 

cardiac injury (Atkins et al., 1999; Taylor et al., 1998). 

The objective of this experiment was to test the hypothesis that avian skeletal 

muscle satellite cells can/cannot participate in cardiogenesis in avian embryonic hearts. 
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AIM 3: DETERMINE THE MULTIPOTENTIAL CAPACITY OF SATELLITE CELLS IN 

STAGE X EMBRYOS. 

Chimeric animals have proved very useful for investigating cell to cell interactions 

because the progenies of one cell type may be identified by their own specific marker 

(Marzullo, 1969; Petitte et al., 1990). Chick chimeras, utilizing myoblast transplantation 

methodology, can be used to study satellite cell plasticity. Multipotent satellite cells may 

be responsive to environmental cues, and may adopt an alternative fate when 

transplanted in a new, blastodermal totipotent, environment. Isolating cultured 

(exogenous) Barred Plymough Rock pectoralis thoracicus skeletal muscle progenitor 

cells, and injecting them into the subgerminal cavity of White Leghorn stage X (Eyal-

Giladi, 1984) embryos would result in exhibiting feather phenotype with partial 

pigmentation (Marzullo, 1969; Petitte et al., 1990; Carsience et al., 1993). 

The objective of the experiment is to determine the plasticity of satellite cells from 

the chicken pectoralis thoracicus. 
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3. HATCHABILITY OF CHICKEN EMBRYOS FOLLOWING SOMITE MANIPULATION  

 

3.1 ABSTRACT 

Skeletal muscle arises from somites. Muscle development is scientifically 

important for the poultry industry, and a major goal of poultry (broiler, turkey, or duck) 

production is muscle growth. The objective of this experiment was to demonstrate that 

the  microinjection of somites in Stage 10 (HH) embryos could result in viable chicks. 

The long term goal was to employ the procedures in subsequent studies aimed at 

gaining insight to satellite cell biology. 

The goal of the experiment was to develop a method to study satellite cell 

plasticity at its generally accepted site of embryonic origin, and to develop methods that 

will provide insight about the effect to embryonic manipulation on posthatch muscle. 
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3.2 INTRODUCTION 

 
The avian embryo has been a classical model to study early development 

because the embryo is easily accessible for manipulation of embryonic cells and 

structures. The usefulness of the chicken embryo increased with the development of 

quail-chick transplantation techniques (Le Douarin, 1973). The ability to transplant 

Japanese quail cells into a chicken embryo provides a method to trace the 

developmental fate of the implanted quail cells in a chicken host embryo because the 

densely magenta colored heterochromatin and nucleoli of the Japanese quail nuclei in 

Feuglin-stained histological sections distinguishes donor quail nuclei from host chicken 

nuclei. The quail nucleolar marker is genetic, making it possible to determine the 

ultimate developmental fate of quail cells transplanted into host chicken embryos. 

Although the quail-chick chimera has been a powerful tool for developmental biology 

research, it would be better to employ a chicken/chicken implantation system because it 

would eliminate any potentially confounding species-specific affects on experimental 

procedures. However, it has been previously impossible to employ a chicken/chicken 

system to study cell fate because there have not been any previously reported useful 

lines of transgenic chickens expressing histologically convenient reporter genes. Lines of 

transgenic chickens carrying the E. coli IacZ reporter gene and expressing β-

galactosidase have recently been developed, making it possible to follow the 

developmental fate of transgenic chicken cells implanted into wild-type embryos 

(Mozdziak et al., 2003) As a result, a new tool is available for developmental biology 

research that is a significant improvement over the quail-chicken system. 

A potential difficulty in avian embryonic developmental biology research is the 
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ability to follow embryonic cell fate through hatching and adult maturity. Few researchers 

have attempted to study the effect of embryonic manipulation on posthatch chickens. 

Hatchability data for somatic manipulations does not appear readily available in the 

scientific literature. Therefore, the objective of this experiment is to report procedures for 

manipulation of embryonic chick somites, and the associated level of hatchability that 

has been achieved using our procedures. The experimental procedures are useful for 

studies aimed at understanding the effect of embryonic manipulations on post-hatch 

development. 
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3.3 MATERIALS AND METHODS 

 
Freshly laid eggs were placed into an incubator until they reached stage 10 to 

15 (Hamburger and Hamilton, 1951). Fertile eggs were stored with the blunt end-up for 

2 to 3 hours. Subsequently, a hole was cut in the shell on the blunt end of the egg with 

surgical scissors (Figure 1). The embryos were visualized in the egg using lateral 

illumination though a wratten 47 blue gelatin filter (Sigma, St. Louis MO). The blue filter 

visualizes the somites in the embryo while it is still in the egg (Figure 2). Therefore, it is 

possible, with blue light illumination, to manipulate the embryos without traditional India 

ink staining. All embryos were manipulated between approximately stage 10 and stage 

15 (Hamburger and Hamilton, 1951). Figure 3 also demonstrates that it is possible to 

sufficiently visualize the somites for implantation studies without India ink staining 

because 3µl of a 50 pg/mL solution of propidium iodide in 0.1% sodium dodecyl sulfate 

was successfully injected into a somite. Subsequently, the injected embryo was fixed 

with 4% paraformaldehyde, and observed with a propidium iodide filter set (Omega 

Optical, Brattleboro, VT) on a Leica DMR epifluorescence microscope (Leica 

Microsystems, Bannockburn IL). For the hatchability experiments, the embryos were 

observed in the egg under lateral illumination through the blue filter, and the embryos 

were subsequently injected with approximately 1000 Pectoralis thoracicus myoblasts 

suspended in Dulbecco's Modified Medium, 15% Fetal Bovine Serum, and 1 Pennicillin 

Streptomycin-Fungizone using a 60 to 70 micron diameter beveled micropipette 

(Humagen, Charlottesville, VA). The goal was to demonstrate that the experimental 

injections of 3 µl of cell culture media per somite for 3 to 4 somites results in viable 

chicks at hatching. Immediately after the injections, the embryos were sealed with 
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Handi-Wrap® (Dow Chemical, Midland, Michigan), and placed into an egg incubator at 

38°C. The embryos were observed on a daily basis, embryonic mortality was recorded 

on each day, and the embryos were allowed to develop until hatching. The birds were 

allowed to hatch naturally without significant intervention. The myoblast 

41injections were performed at stage 10; with 10 pair of somites; stage 12, sixteen  

somites; and stage 15, 27 somites (Hamburger and Hamilton, 1951). 

 

3.4 RESULTS 

54% of the embryos from the stage 10 injections, 19% from the stage 12 

injections, and 62% from the stage 15 injections hatched (Table 1). However, 5 embryos 

from the stage 10 injections did not survive the hatching process lowering the survival 

rate to 35% for the stage 10 group. It appears that early embryonic mortality was more 

problematic with the present windowing technology than late embryonic mortality 

because 72% of all mortalities occurred before ED 9, while only 28% of all mortalities 

occurred between ED 16 and hatch. There was no mortality between ED 9 and ED 16. 
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3.5 DISCUSSION 
 

The somites establish the segmentation pattern of the body and give rise to the 

vertebral column, ribs, and all skeletal muscle of the trunk and limbs and the dermis of 

the back. Somites contribute to connective tissue, endothelial cells, and smooth muscle 

(Christ and Ordahl, 1995). We are far from understanding somitogenesis as a whole. 

Current literature pertaining to somitogenesis and muscle development involves tissue 

interactions, molecular mechanisms which influence and regulate various aspects of this 

essential multistep patterning process in vertebrates, and how different muscle 

progenitor cell populations are established. Greater understanding of these mechanisms 

will have particular application to the production of meat animals and to a greater 

understanding of the growth process. 

The goal of the experiment was to develop a method to study satellite cell 

plasticity at its generally accepted site of embryonic origin, the somites, and to develop 

methods that will provide insight about the effect of embryonic manipulation on 

posthatch muscle. The methodology used in this experiment, accomplished sufficient 

hatchability to study the effect of somite manipulations on post-hatch chickens. 
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Table 1. Hatchability of chickens following embryonic manipulations 
 
 
 

Stage 1 # Somites 2 Vol 3 # Injected 4 Early Mort 5 Late Mort 6 # Hatch 7 % Hatch 8 

10 3 3 26 11 1 14 9 54 9 

12 4 3 16 10 3 3 19 

15 4 3 10 0 4 6 60 

        
1 Developmental stage of the embryo (2) 
 
2 Number of somites injected. 
 
3 Volume of media injected per somite. 
 
4 Number of Embryos injected at each stage. 
 
5 Early Embryonic mortality is defined as a dead embryo before Embryonic Day (ED) 9. 
 
6 Late embryonic mortality is defined as a dead embryo discovered after ED 16, but before  
 
 hatching. No dead embryos were discovered between ED 9 and ED 16. 
 
7Number of embryos that hatched 
 
8 Percentage of injected embryos that hatched. 
 
9 5 birds from these injections were viable on the hatching day, but they did not survive the  
 
 hatching process. Therefore, a total of 9 birds successfully survived for a survival  
 
 rate of 35%. All birds injected at stage 12 and 15 survived the hatching process. 
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                         Figure 1. A window is made in the blunt end of the egg 
                        using surgical scissors.   
 
  

   
 
 
  Figure 2. A stage 10 chicken embryo observed under lateral 
  Illumination through a Wratten 47 blue gelatin filter. 
    
                          

 51



                                 
  
  
                             Figure 3. (A) Stage 10 embryo observed using a  
                        propidium iodide filter set. (B) The same embryo 
                        using differential interference contrast microscopy. 
                        Arrows indicate injected somite. 
                        Bar is 200 µm     
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4. DEMONSTRATE SATELLITE CELL PLASTICITY IN THE HEART 
 

4.1 ABSTRACT 

 
Adult cardiomyocytes do not proliferate; therefore, an adult heart is incapable of 

repairing itself. Destruction of cardiac myocytes is associated with an irreversible loss of 

myocardium and is replaced with scar tissue. Damaged skeletal muscle is able to 

regenerate because of the satellite cell. The role of recruitment from other stem cells into 

cardiomyocytes for new cardiac muscle formation has recently attracted much attention. 

Manipulation of muscle stem cells or satellite cells (?) may eventually remodel therapies 

for cardiac disease. Myogenic cells are a potential therapy for ischemia-damaged 

myocardium. There have been reports of successful engraftment of autologous skeletal 

myoblasts into injured myocardium in multiple animal models of cardiac injury. The 

objective of this experiment was to test the hypothesis that avian skeletal muscle 

satellite cells can/cannot participate in cardiogenesis in avian embryonic hearts. 

Freshly isolated and cultured skeletal myoblasts into avian embryonic hearts 

survive and proliferate. One avian heart injected with freshly isolated myoblasts 

successfully stained positive for β-galactosidase. To determine the fate of injected 

myoblasts carrying the lacZ gene three embryos that survived to ED18 were examined 

and subject to PCR analysis of the right Pectoralis thoracicus. One embryo contained a 

588bp-lacZ fragment. The PCR analysis of heart and liver tissue from Embryo #12 

contained the lacZ gene. PCR analysis of six embryonic hearts injected with cultured 

myoblasts revealed that three hearts contained the lacZ gene. Hence, freshly isolated 

and cultured skeletal myoblasts implanted into avian embryonic hearts survive and 

proliferate suggesting that adult satellite cells participate in embryonic development. 
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4.2 INTRODUCTION 

Embryonic myogenesis is a multistep process that involves multipotential cells in 

the prechordal and somatic mesoderm that give rise to committed precursor cells, which 

become the skeletal muscle of the head, trunk and limbs (Kablar et al., 1997). The 

skeletal muscle differentiation process involves myogenic regulatory factors such as 

MRF4, Myf5, MyoD and myogenin. The roles played by the MRFs and tissue 

surrounding the somites are to induce the formation of somitic multipotential cells into 

committed myogenic precursor cells. These cells are called myoblasts. Mononucleated 

myoblasts fuse to form multinucleated muscle fibers (Campion, 1984). Myofiber number 

does not change because adult myonuclei are postmitotic and cannot synthesize DNA 

(Stockdale and Holtzer, 1961). In postnatal vertebrates the increase in myofiber size 

(muscle growth) is directly related to the number of myonuclei (Allen et al., 1979). The 

source of these additional nuclei is the satellite cell (Moss and Leblond, 1970). 

Relying on satellite cells, adult muscle is capable of regeneration after damage. 

During muscle regeneration after injury or transplantation, the somitic positional cues 

characterized in muscle embryogenesis are not present because the satellite cell is 

already self-contained within the basal lamina (Zhao and Hoffman, 2004). When 

activated, satellite cells model embryonic myogenesis. Because the cells proliferate, 

terminally differentiate and fuse with surrounding myoblasts (activated satellite cell) or 

with damaged muscle to regenerate functional skeletal muscle. The regenerative ability, 

the potential plasticity, and the ability for self-renewal (without terminal differentiation), 

makes skeletal muscle a favorable candidate for myoblast transfer therapy (cellular 

cardiomyoplasty). 

Adult cardiomyocytes do not proliferate; therefore, the adult heart is incapable of 
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repairing itself. The role of enlisting the satellite cell into "potential" cardiomyocytes for 

formation of new cardiac muscle has attracted much attention. The immediate 

environment can alter the phenotype of a cell, and complex interactions between cells 

and their extracellular environment play a role in determining cell fate (Grounds et al., 

2002). The technique of cellular cardiomyoplasty through transplanting reserve cells 

into an infracted region of the myocardium is a potential new therapeutic option for 

cardiac repair. Atkins et al. (1999), Thompson et al. (2003), Taylor et al. (1998) 

Reinecke et al. (2002), and Murry et al. (2002) has shown autologous skeletal 

myoblasts can regenerate viable striated tissue within damaged myocardium. 

Investigators have shown a clinical improvement in myocardial performance in vivo. 

Taylor et al. (1998) has shown in five rabbits that systolic function (contractility) 

increased significantly (P< 0.005), and in two rabbits an improved systolic function 

approached statistical significance (P< 0.06). Within the grafted hearts two populations 

of muscle cells were identified within the damaged myocardium. At the center of the 

graft, myogenin-positive, elongated structures, resembling myotubes, were observed. 

These elongated cells demonstrated the skeletal myoblast origin of these myotubes. At 

the periphery of the lesion, smaller clusters of isolated myogenin-negative cells were 

visualized, and these cells resembled immature cardiocyes characterized by striations 

and centrally located nuclei. 

The critical goal in cellular cardiomyoplasty must be electromechanical coupling 

through gap junction communication between the engrafted skeletal myoblasts and the 

surrounding cardiac myocyte (Grounds et al., 2002). At present, there are no data 

demonstrating cells which electrically integrate into the heart and survive for extended 

periods of time (Taylor, 2001). 
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Manipulation of muscle stem cells and satellite cells may eventually remodel 

therapies for cardiac disease. The goal of this experiment was to establish the ability of 

avian skeletal muscle progenitor cells (satellite cells) to participate in cardiogenesis in 

avian embryonic hearts. 
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4.3 FRESHLY ISOLATED SKELETAL MUSCLE CELLS TRANSPLANTED 

INTO STAGE 10 (HH) CHICK EMBRYOS 

 

4.3.1 MATERIALS AND METHODS 
 

4.3.1.1 Animals 

The cells obtained for this experiment were from a two week old, P1G3 transgenic 

chicks. (White leghorn; North Carolina State University, Raleigh, North Carolina). These 

transgenic chickens expressing a nuclear-located β-galactosidase (Mozdziak et al., 

2003). 

 

4.3.1.2 Myoblast Isolation 

Primary myoblasts were isolated from the Pectoralis thoracicus muscle from a 

two week old posthatch chicken. Aseptically removed muscle (200mg) was placed in a 

sterile 50ml beaker containing 5m1 of Hanks Buffered Saline. To release the single cells 

from the muscle, the tissue was mechanically minced with sterile scissors. The tissue 

was enzymatically dissociated in 8 ml of 0.17% trypsin and 0.85% collagenase at 37°C 

for 30 min shaking every 10 min. Subsequently, the tissue was transferred into a 14 ml 

polypropylene tube containing Growth Medium (Dulbecco's Modified Medium (DMEM), 

15% Fetal Bovine Serum, and 1% Pennicillin Streptomycin-Fungizone) and centrifuged 

for 3 min. The solution was decanted and the pellet was resuspended in 5 ml of Growth 

Medium and centrifuged. It was repeated three times. The final pellet was resuspended 

in 3 ml of growth medium and was mechanically dissociated by 3 passages through a 

serological pipet, followed by 3 passages through an 18-gauge needle. The resulting cell 
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suspension was filtered through a 45µ Nitex nylon mesh filter to remove debris. The 

single cell suspension was then fractioned by Percoll (Fisher) density gradient 

centrifugation. As described below 

 

4.3.1.2.1 Percoll Density Gradient Centrifugation 

Percoll was made by adding 1 part (5ml) of 10x concentrated DMEM to 9 parts 

(45ml) Percoll. Centrifugation was performed layering Percoll gradients in a Corex tube. 

A suspension of single cells prepared as above was layered onto 1.5 ml of 10% Percoll 

(3.33 ml of 60% Percoll and 16.67 ml 1X growth medium) on a cushion of 8.5 ml 30% 

Percoll (20 ml of 60% Percoll and 20 ml 1X growth medium) sitting on the bottom layer 

of 1.5 ml of 60% Percoll (20 ml 90% Percoll and 10 ml 1X growth medium). The cells 

were centrifuged in a refrigerated centrifuge at 8°C at 15,000xg for 10 minutes. 

Following centrifugation, cell fractions were collected at the 60%/30% interface. Cells 

were recovered from the fraction, diluted with 9ml growth medium, centrifuged at 

3,000xg for 10 minutes. The resulting cell pellet was resuspended in 1 ml growth 

medium. 

 

4.3.1.3 Myoblast Transplantation into Recipients 

 
Sixteen fresh, fertile, White Leghorn eggs were obtained from, North Carolina 

State University. The eggs were incubated at 37.7 °C (99.5°F), 55% Relative Humidity, 

for 40 hours until they reached Stage 10 (Hamburger and Hamilton, 1951). Fertile eggs 

were stored with the blunt end-up for 2 to 3 hours; a hole was cut in the shell on the 

blunt end of the egg with surgical scissors. The embryos were visualized in the egg 
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using lateral illumination though a wratten 47 blue gelatin filter (Sigma, St. Louis MO).  

 

4.3.1.4 Myoblast Transplantation 

Embryos were injected with approximately 1400 myoblasts from the resulting 

Percoll centrifugation, using a 60 to 70 micron diameter spiked micropipette (Humagen, 

Charlottesville, VA). After myoblast injection, embryos were returned to the incubator 

and incubated until embryonic day 7. 

 

4.3.1.5 β-GALACTOSIDASE STAINING 

 
Embryos were removed from the shell, washed in PBS and fixed at 4°C with fresh 

4% paraformaldehyde and 0.2% glutaraldehyde in PBS pH 7.4 for 30min, rinsed in PBS, 

and incubated in X-Gal solution (1mg/ml X-Gal PBS pH 7.4, 5mM potassium 

ferrocyanide, 5mM potassium ferricyanide, 2mM MgCl2, 0.2% Triton X-100) overnight at 

37°C. The embryos were washed in 70% ethanol and then microscopically evaluated. 

 

4.3.2 RESULTS 

Seven of 16 myoblast injected embryos survived to ED7. One embryonic heart 

successfully stained positive for β-galactosidase. (Figure 1). 
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4.4 FRESHLY ISOLATED SKELETAL MUSCLE CELLS TRANSPLANTED INTO 

STAGE 10 (HH) CHICK EMBRYOS 

 

4.4.1 MATERIALS AND METHODS 
 

4.4.1.1 Animals 

 
The cells obtained for this experiment were from a two month old, P1G3 

transgenic chicks. (White leghorn; North Carolina State University, Raleigh, North 

Carolina). These transgenic chickens expressing a nuclear-located β-galactosidase 

(Mozdziak et al., 2003) 

 

4.4.1.2 Myoblast Isolation 

 
Primary myoblasts were isolated from the Pectoralis thoracicus muscle from a 

two month old posthatch chicken. Aseptically removed muscle (200mg) was placed in a 

sterile 50ml beaker containing 5m1 of Hanks Buffered Salts. To release the single cells 

from the muscle, the tissue was mechanically minced with sterile scissors. The tissue 

was enzymatically dissociated in 8ml of 0.17% trypsin and 0.85% collagenase at 37°C 

for 30 min shaking every 10 min. Subsequently, the tissue was transferred into a 14 ml 

polypropylene tube containing Growth Medium (Dulbecco's Modified Medium (DMEM), 

15% Fetal Bovine Serum, and 1% Pennicillin Streptomycin-Fungizone) and centrifuged 

for 3 min. The solution was decanted and the pellet was resuspended in 5ml of Growth 

Medium and centrifuged. It was repeated three times. The final pellet was resuspended 

in 3ml of growth medium and was mechanically dissociated by 3 passages through a 
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serological pipet; followed by 3 passages through an 18-gauge needle. The resulting cell 

suspension was filtered through a 45µ Nitex nylon mesh filter to remove debris. The 

single cell suspension was then fractioned by Percoll (Fisher) density gradient 

centrifugation. As described below 

 

4.4.1.2.1 Percoll Density Gradient Centrifugation 

 
Percoll was made by adding 1 part (5ml) of 10x concentrated DMEM to 9 parts 

(45ml) Percoll. Centrifugation was performed layering Percoll gradients in a Corex tube. 

A suspension of single cells prepared as above was layered onto 1.5ml of 10% Percoll 

(3.33ml of 60% Percoll and 16.67ml 1X growth medium) on a cushion of 8.5ml  30% 

Percoll (20 ml of 60% Percoll and 20 ml 1X growth medium) sitting on the bottom layer 

of 1.5 ml of 60% Percoll (20 ml 90% Percoll and 10 ml 1X growth medium). The cells 

were centrifuged in a refrigerated centrifuge at 8°C at 15,000xg for 10 minutes. Following 

centrifugation, cell fractions were collected at the 60%/30% interface. Cells were 

recovered from the fraction, diluted with 9ml growth medium, centrifuged at 3,000xg for 

10 minutes. The resulting cell pellet was resuspended in 1ml growth medium. 

 

4.4.1.3 Myoblast Transplantation into Recipients 

Seventeen fresh, fertile, White Leghorn eggs were obtained from North Carolina 

State University. The eggs were incubated at 37.7 °C (99.5°F), 55% Relative Humidity, 

for 40 hours until they reached Stage 10 (Hamburger and Hamilton, 1951). Fertile eggs 

were stored with the blunt end-up for 2 to 3 hours; a hole was cut in the shell on the 

blunt end of the egg with surgical scissors. The embryos were visualized in the egg 
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using lateral illumination though a wratten 47 blue gelatin filter (Sigma, St. Louis MO). 

 

4.4.1.4 Myoblast Transplantation 

Embryos were injected with approximately 3ul of approximately 1350 myoblasts 

into each somite from the resulting Percoll centrifugation using a 60 to 70 micron 

diameter spiked micropipette (Humagen, Charlottesville, VA). Five somites, stages V-X, 

were injected in each stage 10 (HH) embryo with a total of approximately 6700 

myoblasts injected into each embryo. After myoblast injection, the embryos were sealed 

with Handi-Wrap® (Dow Chemical, Midland, Michigan), and returned to the egg 

incubator and incubated until embryonic day 18. 

 

4.4.1.5 DNA Isolation 

Genomic DNA was extracted from ED18 lung, right pectoralis, left pectoralis, liver 

and heart tissue using a protocol modified from Petitte et al. (1994). The tissue was 

harvested from the embryos, rinsed in PBS, wrapped in foil and quickly place in liquid 

nitrogen. All tissue was pulverized using a hammer and then mixed with 1mL lysis buffer 

(1M Tris HCL pH7.5, 1M MgC12, 0.32M Sucrose, 1% Triton X-100) and 

microcentrifuged. This step was repeated. The supernatant was removed. 1ml TEN (1M 

Tris pH8, 0.5M EDTA, 5MNaCl), 14µl of Proteinase-K stock (10mg/ml) 50µl of 10% 

sodium dodecyl sulfate was added to pellet and incubated overnight at 37°C with 

constant rotation. 250µl Saturated NaCl was added to precipitate the protein, and 

microcentrifuged. Supernatant was transferred to a new tube and DNA was precipitated 

by using 2 volumes of ethanol. DNA was spooled around a sealed Pasteur pipette and 

rinsed 5 times in 70% ethanol and 5 times in 100% ethanol. All DNA was resuspended in 
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TE (10mM Tris, 0.1mM EDTA). 

 

4.4.1.6 PCR Screening 

The presence of the nuclear expressed lacZ gene in the transplanted cells was 

determined using polymerase chain reaction. PCR amplification of the target 588-bp 

fragment of IacZ was performed in 25 µl reaction using Taq polymerase (Fisher 

Scientific) to amplify a 588-bp fragment of lacZ by using the forward primer 5'-

TTCTGTATGAACGGTCTGGTC-3, and the reverse primer 5'-

ACTTACGCCAATCTCGTTATC-3 (Mozdziak et al., 2003). The following parameters 

were used: 25 cycles of 95°C for 30 sec, 54°C for 1 min, 72°C for 1 min by using a 

thermocycler (PT-200, MJ Research, Waltham, Ma). PCR products were checked by 

1.2% agarose, TAE, ethidium bromide geI to reveal the presence of the 588-bp lacZ 

fragment. 

 

4.4.2 RESULTS 

To determine the fate of injected myoblasts carrying the lacZ gene in embryonic tissue, 

the three embryos that survived to ED18 were examined. The PCR analysis of right 

Pectoralis thoracicus from Embryo #2, lane 3, contained a 588bp- lacZ fragment  

(Figure 2). 
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4.5 FRESHLY ISOLATED SKELETAL MUSCLE CELLS TRANSPLANTED 

INTO STAGE 10 (HH) CHICK EMBRYOS 

 

4.5.1 MATERIALS AND METHODS 
 

4.5.1.1 Animals 

The cells obtained for this experiment were from a two month old, P1G2 (the 

second generation of transgenic chickens expressing nuclear-located β-galactosidase) 

transgenic chicken (White leghorn; North Carolina State University, Raleigh, North 

Carolina). These transgenic chickens expressing a nuclear-located β-galactosidase 

(Mozdziak et al., 2003). 

 

4.5.1.2 Myoblast Isolation 

 Primary myoblasts were isolated from the Pectoralis thoracicus muscle from a 

two month old posthatch chicken. Aseptically removed muscle (200mg) was placed in a 

sterile 50ml beaker containing 5ml of Hanks Buffered Salts. To release the single cells 

from the muscle, the tissue was mechanically minced with sterile scissors. The tissue 

was enzymatically dissociated in 8 ml of 0.17% trypsin and 0.85% collagenase at 37°C 

for 30 min shaking every 10 min. Subsequently, the tissue was transferred into a 14ml 

polypropylene tube containing Growth Medium (Dulbecco's Modified Medium (DMEM), 

15% Fetal Bovine Serum, and 1% Pennicillin Streptomycin-Fungizone) and centrifuged 

for 3 min. The solution was decanted and the pellet was resuspended in 5ml of Growth 

Medium and. It was repeated three times. The final pellet was resuspended in 3ml of 

growth medium and was mechanically dissociated by 3 passages through a serological 
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pipette. 

4.5.1.2.1 Percoll Density Gradient Centrifugation 

Percoll was made by adding 1 part (5ml) of 10x concentrated DMEM to 9 parts 

(45ml) Percoll. Centrifugation was performed layering Percoll gradients in a Corex tube. 

A suspension of single cells prepared as above was layered onto 1.5ml of 10% Percoll 

(3.33ml of 60% Percoll and 16.67ml 1X growth medium) on a cushion of 8.5ml 30% 

Percoll (20ml of 60% Percoll and 20ml 1X growth medium) sitting on the bottom layer of 

1.5ml of 60% Percoll (20ml 90% Percoll and 10ml 1X growth medium). The cells were 

centrifuged in a refrigerated centrifuge at 8°C at 15,000xg for 10 minutes. Following 

centrifugation, cell fractions were collected at the 60%/30% interface. Cells were 

recovered from the fraction, diluted with 9ml growth medium, centrifuged at 3,000xg for 

10 minutes. The resulting cell pellet was resuspended in 1ml growth medium. 

 

4.5.1.3 Myoblast Transplantation into Recipients 

Nineteen fresh, fertile, White Leghorn eggs were obtained from the North 

Carolina State University. The eggs were incubated at 37.7 °C (99.5°F), 55% Relative 

Humidity for 40 hours until they reached Stage 10 (Hamburger and Hamilton, 1951). 

Fertile eggs were stored with the blunt end-up for 2 to 3 hours; a hole was cut in the 

shell on the blunt end of the egg with surgical scissors. The embryos were visualized in 

the egg using lateral illumination though a wratten 47 blue gelatin filter (Sigma, St. Louis 

MO). 
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4.5.1.4 Myoblast Transplantation 

Embryos were injected with approximately 3u1 of approximately 1500 

myoblasts into each somite from resulting Percoll centrifugation using a 60 to 70 

micron diameter beveled micropipette (Humagen, Charlottesville, VA). Five somites, 

stages V-X, were injected in each, stage 10 (HH) embryo with a total of approximately 

7500 myoblasts injected into each embryo After myoblast injection, the embryos were 

sealed with Handi-Wrap® (Dow Chemical, Midland, Michigan), and returned to the egg 

incubator and incubated until embryonic day 13. 

 

4.5.1.5 DNA Isolation 

Genomic DNA was extracted from ED13 lung, right pectoralis, left pectoralis, liver 

heart tissue using a protocol modified from Petitte et al. (1994). The tissue was 

harvested from the embryos, rinsed in PBS, wrapped in foil and quickly place in liquid 

nitrogen. All tissue was pulverized using a hammer and then mixed with 1ml lysis buffer 

(1M Tris HCL pH 7.5, 1M MgC12, 0.32M Sucrose, 1% Triton X-100) and 

microcentrifuged. This step was repeated. The supernatant was removed. 1ml TEN. (1M 

Tris pH8, 0.5M EDTA, 5MNaCI); 14µl of Proteinase-K stock (10mg/ml) and 50µl of 10% 

sodium dodecyl sulfate was added to the pellet, incubated overnight at 37°C, with 

constant rotation. 250µl Saturated NaCl was added to precipitate the protein, and 

microcentrifuged. Supernatant was transferred to new tube and DNA was precipitated by 

using 2 volumes of ethanol. DNA was spooled around a sealed Pasteur pipette and 

rinsed 5 times in 70% ethanol and 5 times in 100% ethanol. All DNA was resuspended in 

TE (10mM Tris, 0.1mM EDTA). 
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4.5.1.6 PCR Screening 

The presence of the nuclear expressed lacZ gene in the transplanted cells was 

determined using polymerase chain reaction. PCR amplification of the target 588-bp 

fragment of IacZ was performed in 25µl reaction using Taq polymerase (Fisher 

Scientific) to amplify a 588-bp fragment of lacZ by using the forward primer 5'-

TTCTGTATGAACGGTCTGGTC -3, and the reverse primer 5'-

ACTTACGCCAATCTCGTTATC-3 (Mozdziak et al., 2003). The following parameters 

were used: 25 cycles of 95°C for 30 sec, 54°C for 1 min, 72°C for 1 min by using a 

thermocycler (PT-200, MJ Research, Waltham, Ma). PCR products were checked by 

1.2% agarose, TAE, ethidium bromide gel to reveal the presence of the 588-bp lacZ 

fragment. 

 

4.5.2. RESULTS 

To determine the fate of injected myoblasts, carrying the lacZ gene, in embryonic 

tissue. The three embryos that survived to ED13 were examined. The PCR analysis of 

heart and liver tissue from Embryo #12, lane 3, 4 contained a 588 bp-lacZ fragment 

(Figure 3). 
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4.6 CULTURED AVIAN SKELETAL MUSCLE CELLS TRANSPLANTED INTO STAGE 

16 (HH) EMBRYONIC HEARTS 

 

4.6.1 MATERIALS AND METHODS 
 

4.6.1.1. Animals 

The cells obtained for this experiment were from a 6 month old adult male, P2G3 

transgenic chicken. (White leghorn; North Carolina State University, Raleigh, North 

Carolina). These transgenic chickens expressing a nuclear-located β-galactosidase 

(Mozdziak et al., 2003). 

 

4.6.1.2 Myoblast Isolation 

Primary muscle cultures were prepared using a modified preplate technique (Qu, 

et al., 2002). Aseptically removed Pectoralis thoracicus muscle (200mg) from a 6 month 

old adult male transgenic chicken was placed in a sterile 50ml beaker containing 5ml of 

Hanks Buffered Salts. To release the single cells from the muscle, the tissue was 

mechanically minced with sterile scissors. The tissue was enzymatically dissociated in 8 

ml of 0.17% trypsin and 0.85% collagenase at 37°C for 1 hr shaking every 10 min.  

Subsequently, the tissue was transferred into a 14ml polypropylene tube containing 

proliferation medium (PM) (Dulbecco's Modified Medium (DMEM), 10% Fetal Bovine 

Serum, 10% Horse Serum, 0.5% chick embryo extract, and 1% Pennicillin-

Streptomycin). 
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4.6.1.2.1 Cell Culture 
 

Different populations of muscle-derived cells were isolated based on their 

adhesion characteristics (Qu, et al., 2002; Richler and Yaffe, 1970). The cells were 

placed on 0.1% gelatin-coated 100 x 20mm Falcon Tissue Culture plates for 2 hr 

(preplate 1 [pp1]). The nonadherent cells were transferred to another gelatin treated 

100mm plate (pp2). Richler and Yaffe, (1970), reported that cells which rapidly attach to 

the plate are fibroblastic in nature. After 24 hr the floating cells in pp2 were collected, 

centrifuged and plated on new gelatin-coated plates. These procedures were repeated 

at 24-hour intervals until serial preplates (pp4-pp6) were obtained. All cell populations 

were maintained in PM with daily changes. Cells were passaged at 50% confluency to 

prevent differentiation. 

 

4.6.1.3 Myoblast Transplantation into Recipients 

Fourteen fresh, fertile, White Leghorn eggs were obtained from North Carolina 

State University. The eggs were incubated at 35.7 °C (99.5° F), 55% Relative Humidity, 

for 72 hours until they reached Stage 16/17 (Hamburger and Hamilton, 1951). Fertile 

eggs were stored with the blunt end-up for 2 to 3 hours; a hole was cut in the shell on 

the blunt end of the egg with surgical scissors. The embryos were visualized in the egg 

using a Leica MZ6 dissection microscope with a Dolan Jenner Industries, Fiber-Lite, 

High Intensity Illuminator. 
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4.6.1.4 Myoblast Transplantation 

 Muscle derived cells from passage six of, pp2, were detached from the tissue 

culture plates by incubation in 0.25% trypsin/1mM EDTA (Sigma). A volume of 8ml of 

PM was added to inactivate the trypsin, and cells were collected by centrifugation at 

1500g for 10 min. The cell pellet was washed in PM and recentrifuged two times to 

remove any remaining trypsin. The cell pellet was resuspended in 1ml proliferation 

medium. Total volume of 5µL containing approximately 2 X 104 cells was injected using 

a 60 to 70 micron diameter spiked micropipette (Humagen, Charlottesville, VA) into 

fourteen Stage 16 embryonic heart ventricles. Embryos were returned to the incubator 

and developed until embryonic day 18. 

 

4.6.1.5 DNA Isolation 

Genomic DNA was extracted from ED1 8 cardiac tissue by using a protocol 

modified from Petitte et al. (1994). The heart was harvested from the embryo, rinsed in 

PBS, wrapped in foil and quickly placed in liquid nitrogen. Heart tissue was pulverized 

using a hammer and then mixed with 1ml lysis buffer (1M Tris HCL pH7.5, 1M MgCl2, 

0.32M Sucrose, 1% Triton X-100) and microcentrifuged. For a second time,1ml lysis 

buffer was added and microcentrifuged. The supernatant was removed. 1ml of TEN (1M 

Tris pH8, 0.5M EDTA, 5MNaCl); 14µl of Proteinase-K stock (10mg/ml) and 50µl of 10% 

sodium dodecyl sulfate was added to the pellet, incubated overnight at 37°C, with 

constant rotation. 250µl Saturated NaCl was added to precipitate the protein, and 

microcentrifuged. Supernatant was transferred to new tube and DNA was precipitated by 

using 2 volumes of ethanol. DNA was spooled around a sealed Pasteur pipette and 

rinsed 5 times in 70% ethanol and 5 times in 100% ethanol. All DNA was resuspended in 
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TE (10mM Tris, 0.1mM EDTA). 

 

4.6.1.6 PCR Screening 

The presence of the nuclear expressed IacZ gene in the transplanted cells was 

determined using Polymerase Chain Reaction (PCR). PCR amplification of the target 

588-bp fragment of lacZ was performed in 25µl reaction using Taq polymerase (Fisher 

Scientific) to amplify a 588-bp fragment of IacZ by using the forward primer 5'-

TTCTGTATGAACGGTCTGGTC -3, and the reverse primer 5'-

ACTTACGCCAATCTCGTTATC-3 (Mozdziak et al., 2003). The following parameters 

were used: 25 cycles of 95°C for 30 sec, 54°C for 1 min, 72°C for 1 min by using a 

thermocycler (PT-200, MJ Research, Waltham, Ma). PCR products were evaluated by 

1.2% agarose, TAE, ethidium bromide gel to reveal the presence of the 588-bp IacZ 

fragment. 

 

4.6.2 RESULTS 

 To determine the fate of cultured injected cells carrying the lacZ gene in 

embryonic cardiac tissue, the six cultured myoblast injected embryos that survived to 

ED1 8 were examined. The PCR analysis of six embryonic hearts revealed that three 

hearts contained the lacZ gene (Figure 4). 
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4.7 DISCUSSION 

The goal of this experiment was to determine if avian skeletal muscle progenitor 

cells (satellite cells) can/cannot participate in cardiogenesis in avian embryonic hearts. In 

developing the technique of heart injections two other techniques were first attempted: 

stage 10 (HH) somite injections, and myoblast transplantation into the heart of stage 10 

(HH) embryos. 

Heart forming areas of stage 4-6 (HH) chick and quail embryos have been 

mapped to bilateral regions on either side of the embryonic midline. Cells intended to 

form the myocardium pass through the rostral portion of the primitive streak during stage 

3 (Garcia-Martinez and Schoenwolf, 1993). Differentiated heart cells are first detected at 

stage 7 (Antin et al., 1994). At stage 10 (HH) the avian heart has formed into a simple 

tube, looping to the embryo’s right. At this stage the avian heart has two layers: the 

endocardium and the epimyocardium which arises from the splanchnic mesoderm, and 

is closely associated with the endoderm. (Bellairs and Osmond, 1998). In stage 10 (HH) 

embryos, somite numbers 1-5, are close to the surface of the dorsal branches of the 

aorta (Christ and Ordahl, 1995; Stockdale et al., 2000). The heart begins to pulsate from 

about stage 10 (HH) (Antin et al., 1994). Blood vessels are formed in situ by the 

development of endothelial precursor cells which fuse together to form vesicles. The 

vesicles accumulate along the future pathways of the blood vessels. Circulation begins 

at about stage 12. At stage 16 (HH) the heart is fully looped and the simple tube has 

divided into the bulboventricle, atrium, and sinus venosus (Bellairs and Osmond, 1998). 

Skeletal muscle originates from embryonic somites, which are transient 

epithelial spheres that pinch off from the paraxial mesoderm. Embryonic myogenesis 

involves myogenic regulatory factors and somatic positional cues that dictate cell 
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determination, proliferation and differentiation into adult muscle.  

Muscle precursors are first identified in the dermamyotome and are 

characterized by their expression of Pax3 and Pax7, which are critical for the 

downstream activation of MRF (Stockdale et al., 2000; Christ and Ordahl, 1995). The 

medial dermamyotome cells of the somite and precursors to epaxial muscle (skeletal 

muscle and dermis of the back) are highly dependant upon signaling cues from the 

tissues surrounding the somites neural tube, notochord, and dorsal aorta (Valdez et al., 

2000). The myogenic determination genes Myf5 and MyoD are activated, and cells 

committed to the myogenic fate; (myoblasts) migrate to target muscle groups. 

Migration and differentiation of the skeletal muscle cells of the limbs, abdomen, 

and ribs, termed hypaxial muscle, are less influenced by the signaling cues from the 

neural tube and notochord. Muscles of the limbs arise from cells which de-epithelialize 

from the lateral dermomyotome and become individual mesenchymal muscle precursor 

cells that migrate away from the somite and invade the lateral regions (limbs) of the 

embryo where they continue to proliferate and later differentiate (Ordahl and Le Dourain, 

1992). The limb muscle precursor cells adopt a mesenchymal morphology without 

loosing their myogenic specification, which is achieved by the expression of Pax3, Pax7 

and myf5. During migration, premature differentiation is kept at bay to enable motility 

and proliferation. After reaching their target sites, myogenesis is initiated by the 

activation of MyoD, myogenin and MRF4 (Christ and Brand-Saberi, 2002). Myogenic 

lineages that give rise to epaxial and hypaxial musculature have different requirements 

for myf5 and MyoD (Christ and Brand-Saberi, 2002). 

During embryogenesis, mononucleated myoblasts enter terminal differentiation, 

align and fuse, forming myotubes, which subsequently develop into mature myofibers 
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(Schultz and McCormick, 1993). During avian development the satellite cell is present 

at the midfetal stage, but do not fuse, (Feldman and Stockdale, 1991). Satellite cells 

function as a primary source for the myogenic cells in post-natal skeletal muscle. Adult 

muscle is capable of regeneration after damage; and the formation of new muscle fibers 

relies on the existence of the self-renewing, mononucleated satellite cells situated 

beneath the basal lamina of skeletal muscle fibers (Bischoff, 1997). 

Skeletal muscle regeneration is quite different from embryonic myogenesis. In 

regeneration there are no somatic positional cues and the migration of cells is not 

needed because the cell source for skeletal muscle regeneration is the quiescent 

satellite cell that preexists in the basal lamina of the necrotic myofiber. Although the 

positional cues are different between myogenesis and regeneration, the muscle 

regulatory factors are similar. 

Adult skeletal muscle, unlike myocardium, has retained an efficient regenerating 

mechanism. The adult heart lacks a pool of precursor cells; therefore, it is incapable of 

cardiomyocyte regeneration after injury. The injured myocardium becomes a non-

contracting fibrous scar, which alters the workload of the surrounding myocardium 

(Taylor, 2001). 

Once activated, and after division, the majority of satellite cell progeny, termed 

myoblasts, undergo terminal differentiation and become incorporated into mature muscle 

fibers as post-mitotic myonuclei (Bischoff, 1997). The ability of satellite cells to generate 

a skeletal muscle is certain both in vivo and in vitro. The regenerative ability of skeletal 

muscle, satellite cell, the plasticity of a skeletal muscle cell, and the satellite cells ability 

for self-renewal (without terminal differentiation), makes skeletal muscle a favorable 

candidate for cellular cardiomyoplasty. 
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Atkins et al. (1998) and Taylor et al. (1998) created a model of myocardial injury 

with the use of cryoablation. The cryolesion created a transmural lesion in the rabbit 

myocardium and resulted in a complete loss of cardiocytes. This model mimics a human 

ischemia induced myocardial lesion. Skeletal myoblasts derived from rabbit soleus 

muscle were implanted into the cryolesion. Immunohistochemical staining and visual 

examination of cells indicated two populations of muscle cells within the damaged 

myocardium. Myogenin positive cells covered up to 75% of the central cryolesion 

resembling multinucleated skeletal myotubes. Myogenin-negative cells were localized at 

the periphery of the cryolesion. The myogenin-positive cells histologically resemble 

cardiocytes with single, centrally located nuclei. Myogenin is a cell marker identifying 

terminally differentiated skeletal muscle (Yablonka-Reuveni and Paterson, 2001). Murry 

et al. (2002) and Reinecke et al. (2002) have also grafted adult rat soleus myoblasts into 

adult cryoablated rat myocardium. 

In these reported studies of cellular cardiomyoplasty in the skeletal muscle grafts 

there was an absence of the intercalacting disc proteins N-cadherin and connexin43. 

The abscence of these gap junction proteins suggest that the skeletal muscle grafts 

remain electrically insulated and do not beat with the host myocardium. The lack of 

electromechanical coupling validates that myoblasts did not transdifferentiate into 

cardiomyoctytes (Murry et al., 2002; Reinecke et al., 2002), but skeletal muscle cells 

differentiated into mature skeletal muscle after grafting into the heart. 

Transdifferentiation did not occur in these studies possibly because the skeletal muscle 

cells phenotypically behaved like the injury model of skeletal muscle regeneration. 

During injury the satellite cell becomes "activated", proliferates and terminally 

differentiates into skeletal muscle. When adult satellite cells are transplanted into heart 

 75



tissue, the satellite cells proliferate, terminally differentiate (fusing to each another) and 

developing into skeletal muscle. 

The model of myogenesis demonstrated by the results of the current experiments 

supports the embryonic model of skeletal muscle development. The somitic cells of the 

embryo, along with the transplanted myoblasts, are receiving positional cues from the 

surrounding structures which influence proliferation and differentiation. The satellite cells 

isolated from adult avian Pectoralis thoracius muscle, once transplanted into an 

embryonic environment, can adapt to their microenviroment and enter an alternative 

pathway (Shefer et al., 2004) 

Somites in a stage 10 (HH) embryo consist of several thousand cells, which vary 

greatly in developmental stage, and heterogeneity. They give rise to the vertebral 

column, ribs, all skeletal muscle of the trunk and limbs and the dermis of the back. All 

compartments of the somite contribute to connective tissue, endothelial precursors and 

smooth muscle (Christ and Ordahl, 1995). The data from the current study; freshly 

isolated skeletal muscle cells transplanted into stage 10 (HH) chicken embryo, 

demonstrates that transplanted myoblasts can survive and proliferate in an environment 

other than skeletal muscle, and that postnatal cells can participate in embryonic 

myogenesis. These cells were freshly isolated. A freshly isolate satellite cell can possibly 

behave more like an embryonic satellite cell. A freshly isolated "quiescent" cell is 

removed from one environment and transplanted into another very similar environment. 

Even though the cell is removed from its environment, it is not "activated" to proliferate 

and terminally differentiate. Therefore, the satellite cells are able to migrate while 

delaying myoblast fusion. These observations also suggest satellite cell/myoblast 

plasticity. 
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One explanation for the results represented by Figure 2 (heart and liver PCR) 

and Figure 3 (pectoralis PCR) is that satellite cells transplanted into stage 10 somites 

phenotypically adapted to their heterogeneous somitic microenvironment and migrated 

with the endothelial precursors to the liver, and muscle precursors to the pectoralis. The 

PCR (Figure 2) and β-Galactosidase (Figure 1) positive identification of satellite cells in 

stage 10 (HH) heart tissue can be postulated that since the branches of the dorsal aorta 

are close to the surface of somite numbers 1-5 in a stage 10 (HH) embryo, at the time of 

transplantation, the myoblasts were injected into the dorsal aorta and proliferated along 

with the developing cardiac tissue. Another explanation for the tissue positive results in 

Figures 1, 2, and 3 is that myoblasts were transplanted into the pre-circulatory system, 

proliferated, and were carried throughout the embryo once circulation began at stage 12 

(HH). The results from the experiment a cultured avian skeletal muscle cells 

transplanted into Stage 16 (HH) embryonic hearts (Figure 4) demonstrated that avian 

skeletal myoblasts can proliferate and survive within stage 16 (HH) hearts. 

Chevallier et al. (1987) tested the equivalence of satellite cells and embryonic 

myoblasts, and found that the two cell types were non-equivalent. If satellite cells are 

equivalent to myoblasts when transplanted into a myogenic environment, the satellite 

cells would behave as myoblast. A strip of chick brachial somitic mesoderm (somites 13 

to 20) was removed and replaced with Japanese quail (1-7 day posthatch) primary or 

cultured satellite cells. The result show that postnatal satellite cells were unable to 

replace the somitic myogenic stem cells and therefore are non equivalent to either 

myogenic stem cells or embryonic myoblasts (cells which would migrate to the limb 

buds). The experimental design in the Chevallier et al. (1987) cannot fully address the 

question of satellite cell equivalence or non-equivalence of embryonic myoblasts. As a 
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result of the complete removal of the chick somitic mesoderm from somites 13-20 the 

myogenic environment is gone. The lateral portions of the dermomyotome gives rise to 

the hypaxial muscle precursor cells to enter the limb buds. Muscles of the limbs arise 

from cells which de-epithelialize from the lateral dermomyotome and become individual 

mesenchymal muscle precursor cells which migrate away from the somite and invade 

the lateral regions (limbs) of the embryo where they continue to proliferate and later 

differentiate (Ordahl and Le Dourain, 1992). After reaching their target sites, myogenesis 

is initiated by the activation of MyoD, myogenin and MRF4 (Christ and Brand-Saberi, 

2002). In the Chevallier et al. (1987) experiment the implanted satellite cells did not 

undergo myogenesis or fuse into multinucleated myotubes and it was determined that 

the grafted satellite cells were not equivalent to embryonic myoblasts. 

A possibility why the implanted cells did not fuse into myotubes is because the 

grafted quail satellite cells would not behave as satellite cells. The transplanted satellite 

cells are unable to receive any environmental myogenic cues, (as a result of removing 

the entire somitic mesoderm) as would embryonic myoblasts in an intact myogenic 

somitic environment. Chevallier et al. (1987) described the cells as "grafts were cut out 

of primary or secondary pellets and implanted in place of brachial somatic mesoderm". 

From this description it is very difficult to visualize the transplantation procedures, or 

identify the population of cells used in the graft. There are no diagrams summarizing the 

surgical procedures or the results, the terminology is unclear and ambiguous and the 

transplantation methods are vague. The experimental design in Chevellier et al. (1987) 

is not a valid model for satellite cell transplantation. 

The model employed for satellite cell transplantation in the current experiments, 

demonstrating satellite cell plasticity in embryonic heart, shows satellite cell implantation 

 78



into an intact myogenic environment. As a result, the satellite cells received 

environment cues which facilitated their migration, unlike the experiment performed by 

Chevallier et al. (1987). 

In the current study, demonstration of satellite cell plasticity in the heart did not 

fully address the question of transdifferentiation, and the phenotype of the cells identified 

in the various tissue. The PCR results show that skeletal myoblasts have been identified 

in liver, heart and pectoralis tissue; but the phenotype of the transplanted cells is 

unknown. Did the original satellite cell/myoblasts demonstrate a multipotential ability? 

Because the phenotype of the transplanted cells is unknown once in their new 

environment did they give rise to a new cell type or did it stay true to their skeletal 

muscle lineage? It is possible that these cells, which have migrated outside of the 

somitic environment, may have retained their mesenchymal skeletal muscle phenotype.  

The aim of this experiment was to determine if transplanted adult avian 

Pectoralis thoracicus skeletal muscle cells can survive in the avian myocardium and the 

results suggest that transplanted skeletal muscle cells from adult tissue can integrate 

avian embryonic tissue. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 79



4.8 REFERENCES 

Allen, R.E., R. A. Merkel, and R.B. Young. 1979. Cellular aspects of muscle growth: 

 myogenic cell proliferation. J. Ani. Sci. 49:115-127. 

Antin, P.B., R.G. Taylor, and T. Yatskievych. 1994. Precardiac mesoderm is specified 

 during gastrulation. Dev. Dyn. 200:144-154. 

Atkins, B.Z., C.W. Lewis, W.E. Kraus, K.A. Hutcheson, D.D. Glower, and D.A. Taylor. 

1999. Intercardiac transplantation of skeletal myoblasts yields two populations of 

striated cells in situ. Ann. Thorac. Surg. 67:124-129. 

Bischoff, R. 1997. The satellite cell and muscle regeneration. Myology Second Edition. 

97-118. 

Bellairs, R., and T. Osmond. 1998. The Atlas of Chick Development. San 

Diego;Academic Press. Chapter 6. 

Campion, D.R. 1984. The muscle satellite cell: a review. Int. Rev. Cytol. 87:225-251 

Chevallier, A., M.P. Pautou, A.J. Harris and M. Kieny. 1987. On the non-equivalence of 

 skeletal muscle satellite cells and embryonic myoblasts. Arch. Anat. Microsc. 

Morph. Exp. 75(3):161-166. 

Christ, B., and B. Brand-Saberi. 2002. Limb muscle development. Int. J. Dev. Biol. 

46:905-914. 

Christ, B., and C.P. Ordahl. 1995. Early stages of chick somite development. Anat 

Embryol. 191:381-396. 

Feldman, J.L. and Stockdale, F.E. 1991. Skeletal muscle satellite cell diversity: Satellite 

cells form fibers of different types in cell culture. Dev. Biol. 143:320-334. 

Garcia-Martinez, V. and G.C. Schoewnwolf. 1993. Primitive-streak origin of the 

cardiovascular system in avian embryos. Dev. Biol. 159(2):706-719. 

 80



Grounds, M.D., J.D. White, N. Rosenthal, and M. A. Bogoyevitch. 2002. The role of 

stem cells in skeletal and cardiac muscle repair. J. of Histo. Cyto. 50(5):589-610. 

Hamburger, V. and H.L. Hamilton. 1951. A series of normal stages in the development of 

 the chick. J. Morph. 88:49-92. 

Kablar, B., K. Krastek, C. Ying, A. Asakura, S.J. Tapscott and M.A. Rudnicki. 1997. 

MyoD and Myf-5 differentially regulate the development of limb versus trunk 

skeletal muscle. Dev. 124: 4729-4738. 

Moss, F.P., and C.P. Leblond. 1970. Satellite cells and the source of nuclei in muscles of 

growing rats. Anat. Rec. 170:421-436 

Mozdziak, P.E., S. Borwornpinyo, D.W. McCoy and J.N. Petitte. 2003. Development of 

transgenic chickens expressing bacterial β-Galactosidase. Dev. Dyn. 226:439-

445. 

Murry, C.E., M.L. Whitney, and H. Reinecke. 2002. Muscle cell grafting for the 

treatment and prevention of heart failure. J Card Fail. 8:532-541. 

Ordahl, C.P., and N.M. Le Douarin. 1992. Two myogenic lineages within the developing 

somite. Development. 114:339-353. 

Petitte, J.N., A.E. Kegelmeyer, and M.J. Kulik, 1994. Isolation of genomic DNA from 

avian whole blood. BioTechniques 17:664-666. 

Qu-Petersen, Z., B. Deasy, R. Jankowski, M. Ikezawa, J. Cummins, R. Pruchnic, J. 

Mytinger, B. Cao, C. Gates, A. Wernig, and J. Huard. 2002. Identification of a 

novel population of muscle stem cells in mice: potential for muscle 

regeneration. J. Cell Bio. 157:851-864. 

 

 

 81



 

    
   Figure 1. Arrow marked positive β-Galactosidase stained   
   embryonic heart. 
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  Figures 2. PCR analysis of DNA 
embryos. 

 
Z gene. 

 
 
   Lanes 1 and 2 represent negative 
   Lane 3 represents DNA from pectoralis tissue
   from embryo #2. Positive lanes containe the lac
 
 

    
 
   Figure 3. PCR analysis of DNA From embryo #12. 

bryos. 
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   Samples containing the lacZ gene.  
   Lanes 1 and 2 represent negative em
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   contain the lac-z gene. 

 83



    

 
   Figure 4. PCR analysis of DNA containing the lacZ gene.   

s     Lanes 4, 5, and 6 represent positive embryonic heart sample
   containing a 588-bp lac-Z gene fragment. 
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5. DETERMINATION OF SATELLITE CELL PLASTICITY IN STAGE X EMBRYOS 

5.1 ABSTRACT 

Chimeric animals have proved very useful for investigating cell to cell interactions 

because the progenies of one cell type may be identified by their own specific marker 

(Marzullo, 1969; Petitte et al., 1990). 

Chick chimeras, utilizing myoblast transplantation methodology, can be used to 

study satellite cell plasticity. Multipotent satellite cells may be responsive to 

environmental cues, and may adopt an alternative fate when transplanted in a new, 

blastodermal totipotent, environment. Isolating cultured (exogenous) Barred Plymough 

Rock (black pigmentation in their feathers) pectoralis thoracicus skeletal muscle 

progenitors cells, and injecting them into the subgerminal cavity of White Leghorn stage 

X (Eyal-Giladi, 1984) embryos (white pigmentation in their feathers) would result in 

embryos exhibiting feather phenotype with partial pigmentation. 

The objective was to determine the presence of satellite cell plasticity in stage X 

(HH) gamma irradiated compromised embryos. The findings demonstrate 23 embryos 

survived until ED15 and 0 chimeras were produced. The positive control for this 

experiment was the production of somatic chimeras from Barred Plymouth Rock 

blastodermal cell transfer to recipient stage X, White Leghorn embryos. Of the16 

embryos that survived until ED15, 10 (62.5%) of the sixteen total embryos were somatic 

chimeras observed by black pigmentation in their feathers.  
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5.2 INTRODUCTION 

At oviposition of the avian egg an anteroposterior axis has been established, the 

hypoblast is being formed, and there are about 60,000 cells in the blastoderm (Eyal-

Giladi, 1984). The subgerminal cavity is a fluid-filled space separating the blastoderm 

from the underlying cell mass. Above the subgerminal cavity is a transparent central 

region called the area pellucida. The cells in the area pellucida are only a few layers 

thick. Opaque cells on the periphery of the blastoderm comprise the area opaca (Eyal-

Giladi, 1993). At the time of lay, the chick embryo is known as a stage X embryo (Eyal-

Giladi and Kochav, 1976) revealing a definable border between the area opaca and area 

pellucida and contains a population of "embryonic stem cells" that can contribute to a 

diverse array of tissues (Eyal-Giladi, 1984). The area pellucida of the stage X embryo 

gives rise to all embryonic tissue (Petitte et al., 1990). 

Marzullo (1970) created the first chick chimeras by injection of unincubated 

blastoderm cells from (pigmented) Barred Plymouth Rock or Rhode Island Red, 

chickens into the blastoderm, of stage X (Eyal-Giladi and Kochav, 1976) White Leghorn 

(unpigmented) chickens. Marzullo injected 239 White Leghorn embryos with either 

Barred Rock or Rhode Island Red blastodermal cells, but only 3 somatic chimeras were 

produced at ED15. 

Barred Plymouth Rock chickens have black pigment in their feathers due to the 

recessive allele at the I locus. White Leghorn chickens have white feathers due to the 

dominant allele at the I locus (Petitte et al., 1990). 

Pigment cells, melanocytes, are derived from ectodermal, neural crest cells. 

Neural crest cells arise from epithelial cells at the border between prospective epidermis 

and the neural plate. The tissue formed by neural crest cells include: pigment cells, 
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neurons and supporting cells, some endocrine tissue, and mesenchymal tissue in the 

head (Wilt, and Hake, 2004). The migratory pathway of the melanogenic neural crest 

cells in the head and neck is along and through the portion of the adjacent somite 

(Olivera-Martinez, et al., 2000). The transplanted, pigmented, blastodermal cells enter 

the melanogenic neural crest sites during the early stages of cell determination, resulting 

in the chimera condition of the recipient embryos observed by their partial pigmentation. 

Petitte et al. (1990) isolated dissociated blastodermal cells from stage X embryos 

and transferred them to another stage X embryo. These transferred cells were found to 

enter the germline, melanocytes (melanogenic neural crest pathway) and hemopoietic 

tissue. Somatic chimerism was evaluated in embryos developing past 14 days of 

incubation by the presence of black pigmented feathers. Six of the injected embryos 

were chimeric, specified by black feathering. 

Carsience et al. (1993) exposed 809 freshly laid, unincubated eggs to 

approximately 500-700 rads of gamma irradiation from a 60Co source. The dose of 

irradiation induced a 24 hour delay in development. The observations indicated that 

embryos exposed to 500-700 rads of gamma irradiation prior to incubation would 

compromise development. Both the frequency and extent of incorporation of donor cells 

into somatic and germline lineages was increased when the number of cells injected into 

irradiated recipients was increased. In conclusion, irradiation compromises the ability of 

cells within the recipient embryo to divide and the ratio of donor cells is increased as 

embryonic development proceeds. 

Chimeric animals have proved very useful for investigating cell to cell 

interactions because the progenies of one cell type may be identified by their own 

specific marker (Marzullo, 1970; Petitte et al., 1990). 
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Access to the totipotent cells in the unincubated, stage X egg provides a powerful 

tool to test satellite cell plasticity in a totipotent cell environment. The objective of this 

experiment was to produce chick chimeras utilizing myoblast transplantation 

methodology, to study satellite cell plasticity. The positive control for this experiment was 

the production of somatic chimeras from Barred Plymouth Rock blastodermal cell 

transfer to recipient stage X, White Leghorn embryos. 
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5.3 CULTURED BARRED PLYMOUTH ROCK SKELETAL MUSCLE CELLS 

TRANSPLANTED INTO GAMMA IRRADIATED WHITE LEGHORN STAGE 

EMBRYOS. 

 

5.3.1 MATERIALS AND METHODS 

5.3.1.1. Animals 

Donor myoblasts were obtained for this experiment from adult male Barred 

Plymouth Rock chickens that were homozygous recessive (ii) at the dominant white 

locus. (North Carolina State University, Raleigh, North Carolina). 

 

5.3.1.2 Myoblast Isolation 

Primary myoblasts were isolated from the Pectoralis thoracicus muscle from 

adult Barred Plymouth Rock chickens. Aseptically removed muscle (200mg) was placed 

in a sterile 50ml beaker containing 5ml of Hanks Buffered Saline. To release the single 

cells from the muscle, the tissue was mechanically minced with sterile scissors. The 

tissue was enzymatically dissociated in 8ml of 0.17% trypsin and 0.85% collagenase at 

37°C for 30 min shaking every 10 min. Subsequently, the tissue was transferred into a 

14ml polypropylene tube containing Growth Medium (Dulbecco's Modified Medium 

(DMEM), 15% Fetal Bovine Serum, and 1% Pennicillin Streptomycin-Fungizone and 

centrifuged for 3 min. The solution was decanted and the pellet was resuspended in 5ml 

of Growth Medium, and recentrifuged. The cell suspension was re-centrifuged three 

times. The final pellet was resuspended in 3 ml of growth medium and was mechanically 

dissociated by 3 passages through a serological pipette, followed by 3 passages through 
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an 18 gauge needle. The resulting cell suspension was filtered through a 45µ Nitex 

nylon mesh filter to remove debris. The single cell suspension was then fractioned by 

Percoll (Fisher) density gradient centrifugation. As described below. 

 

5.3.1.2.1 Percoll Density Gradient Centrifugation 

Percoll was made by adding 1 part (5ml) of 10x concentrated DMEM to 9 parts 

(45ml) Percoll. Centrifugation was performed layering Percoll gradients in a Corex tube. 

A suspension of single cells prepared as above was layered onto 1.5ml of 10% Percoll 

(3.33ml of 60% Percoll and 16.67ml 1X growth medium) on a cushion of 8.5ml 30% 

Percoll (20ml of 60% Percoll and 20 ml 1X growth medium) sitting on the bottom layer of 

1.5ml of 60% Percoll (20 ml 90% Percoll and 10ml 1X growth medium). The cells were 

centrifuged in a refrigerated centrifuge at 8°C at 15,000xg for 10 minutes. Following 

centrifugation, cell fractions were collected at the 60%/30% interface. Cells were 

recovered from the fraction, diluted with 9ml growth medium, centrifuged at 3,000xg for 

10 minutes. The resulting isolated cells were inoculated into tissue culture plates. 

 

5.3.1.2.2. Cell Culture 

1 x 106 cells were placed on 0.1% gelatin-coated 100 x 20mm Falcon Tissue 

Culture Plates. Cells were grown in proliferation medium (PM) (Dulbecco's Modified 

Medium (DMEM), 10% Fetal Bovine Serum, 10% Horse Serum, 0.5% chick embryo 

extract, and 1% Pennicillin-streptomycin). Cultures were incubated at 37°C in 5% CO2. 

To avoid any possibility of myotube formation during the culture process cell densities 

were maintained to be less than 50% confluency. 
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5.3.1.3 Myoblast Transplantation Recipients 

Recipient eggs were obtained from a commercial line of White Leghorn 

chickens (Hyline W36) that were homozygous dominant (II) at the dominant white 

locus. Maintained at North Carolina State University. 

 

5.3.1.3.1 Irradiation of Myoblast Transplantation Recipients 

Freshly laid, stage X eggs were swabbed with 70% ethanol. The eggs were 

exposed to 600 rads of gamma irradiation from a GammaCell 220 for 3 minutes, 44 

seconds (Department of Nuclear Engineering, North Carolina State University, Raleigh, 

North Carolina). 

 

5.3.1.4 Microinjection of Cultured Myoblasts into Irradiated Stage X White 

Leghorn Recipients 

Myoblasts were detached from the tissue culture plates by incubation in 0.25% 

trypsin/1mM EDTA (Sigma). A volume of 8ml of PM was added to inactivate the trypsin, 

and cells were collected by centrifugation at 1500g for 10 min. The cell pellet was 

washed in PM and centrifuged two times to remove any remaining trypsin. The cell pellet 

was resuspended in 1ml proliferation medium. 

Recipient embryos were cracked into a small weigh boat and approximately 18,000 

myoblasts were injected into the subgerminal cavity in 3µl of proliferation medium using 

a 60 to 70 micron diameter spiked micropipette (Humagen, Charlottesville, VA). 
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5.3.1.5 Ex Ovo Culture of Myoblast Recipients 

Myoblast injected recipient embryos were placed in surrogate chicken eggshells, 

using system II. System II was defined as culturing a blastoderm size embryo in a 

surrogate chicken eggshell (Bowornpinyo et al., 2005). Surrogate eggshells were 

prepared from eggs that were 3-4g heavier than the recipients' original eggshell. A 32-

mm diameter circle was marked as a cutting guide at the pointed end of the eggs. A 

Dremel® drill was used to remove the marked portion of the shell. The yolk and albumin 

were discarded and the shells were washed with distilled water. The eggshells were 

placed, open end down, on a moistened sheet of bench paper in a clean baking dish and 

sprayed with 70% ethanol. The shells were wrapped with cling film to prevent 

contamination and drying out of shell membranes. The entire contents of the injected, 

irradiated, stage X embryo was poured into a recipient eggshell. Albumen from other 

freshly laid eggs was added to fill the shell to leave no space or bubbles. The eggs were 

sealed with a 5 x 5 cm piece of Saran Wrap® and secured by a pair of plastic rings with 

four screw bolt projections and rubber bands. The injected embryos were placed on 

turkey flats, with the Saran Wrap® end down, and incubated for 3 days at 37.5°C 

(99.5°F), relative humidity 55%. After 3 days the embryos were transferred to turkey 

surrogate eggshell, system Ill. System Ill is defined as culturing a chick embryo in a 

turkey eggshell. Turkey eggs (supplied by Turkey Educational Unit, North Carolina State 

University, Raleigh, North Carolina) 30-40g heavier than system II surrogate shells were 

wiped with 70% ethanol. A 42-45 mm window at the blunt end was removed with a 

Dremel® drill. The yolk and albumen were discarded and the shells were washed with 

distilled water. The eggshells were placed, open end down, on a moistened sheet of 

bench paper in a clean baking dish and sprayed with 70% ethanol. The shells were 
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wrapped with cling film to prevent contamination and drying out of shell membranes. 

Upon transfer from system II to system III the embryos in system II were inverted to 

allow the embryos to float to the window to that they could be viewed to determine their 

viability. If the embryo was determined to be alive (development of vascular system) the 

embryo was held above the turkey shell at a 45° angle, the cling film was partially peeled 

back and 3-5ml of albumen slowly drained into the turkey shell. The remaining cling film 

was removed from the system II shell, the embryos positioned themselves to the center 

of the yolk and any noticeable air bubbles were cleared away using a Kim Wipe. The 

turkey shell containing the albumen was rotated, wetting the inner shell to ease the 

transfer. The embryos and their contents were quickly but gently poured into the 

surrogate turkey eggshell. The shells were sealed with a 6 x 6 cm piece of HandiWrap®, 

and placed pointed end down in a turkey flat so that the shell nestled into the depression 

of the flat. Embryos were incubated at 37.5°C (99.5°F), relative humidity 55% for 15 days 

to evaluate phenotypic chimeras by the presence of black feathers. 

 

5.3.1.6 Statistics 

Embryo viability were subjected to Chi-square analysis using the Chi-square 

analysis system from Georgetown University, Department of Linquistics, Washington, 

D.C. Statements of statistical significance were based on P<0.05. 
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5.3.2. RESULTS 

To determine the plasticity of satellite cells in a totipotent environment 326 white 

leghorn embryos, stage X, were irradiated with 600 rads of gamma irradiation over 3 

minutes 44 seconds and injected with approximately 18,000 myoblasts into the 

subgerminal cavity. Table 1 shows that 7% (23) of the embryos survived until ED15 and 

0 chimeras were produced. 
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5.4 BARRED PLYMOUTH ROCK, STAGE X, BLASTODERMAL CELLS 

TRANSPLANTED INTO GAMMA IRRADIATED WHITE LEGHORN STAGE X (HH) 

EMBRYOS 

 

5.4.1 MATERIALS AND METHODS 
 

5.4.1.1. Animals 

Donor blastodermal cells were obtained for this experiment from adult male 

Barred Plymouth Rock chickens that were homozygous recessive (ii) at the dominant 

white locus. (North Carolina State University, Raleigh, North Carolina). 

 

5.4.1.2 Blastodermal Cell Isolation 

Approximately 12 to 15 freshly laid, unincubated eggs were cracked open and 

the blastodermal cells were obtained by adherence to filter paper rings (Petitte et al., 

1990) and placed into a 60mm x 15mm Falcon Tissue Culture Plate with 5ml of PBS. 

The yolk was removed by microdissection and gentle washing with PBS. Blastodermal 

cells were dissected free from the vitelline membrane, and placed in 1ml proliferation 

media. Cells were quickly centrifuged (30 seconds) to obtain a pellet. This was repeated 

to remove any remaining yolk. Cell dissociation was accomplished by replacing the 

medium with 0.25% trypsin/1mM EDTA (Sigma). The cell pellet was washed in PM and 

centrifuged two times to remove any remaining trypsin. The cell pellet was resuspended 

in 1ml proliferation medium. 
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5.4.1.3 Blastodermal Cell Recipients 

Recipient eggs were obtained from a commercial line of White Leghorn 

chickens (Hyline W36) that were homozygous dominant (II) at the dominant white 

locus. Maintained at North Carolina State University. 

 

5.4.1.3.1 Irradiation of Blastodermal Cell Recipients 

Freshly laid, stage X eggs were swabbed with 70% ethanol. The eggs were 

exposed to 600 rads of y irradiation from a GammaCell 220 for 3 minutes, 36 

seconds (Department of Nuclear Engineering, North Carolina State University, 

Raleigh, North Carolina). 

 
5.4.1.4 Blastodermal Cell Microinjection into Irradiated Stage X White 

Leghorn Recipients 

Recipient embryos were cracked into a small weigh boat and approximately 

5001000 blastodermal cells were injected into the subgerminal cavity in 3 pl of 

proliferation medium using a 60 to 70 micron diameter spiked micropipette (Humagen, 

Charlottesville, VA). 

 
 

5.4.1.5 Ex Ovo Culture of Blastodermal Cell Recipients 

Blastodermal cell injected recipient embryos were placed in surrogate chicken 

eggshells, using system II. Eggshells were prepared from eggs that were 3-4g heavier 

than the recipients' original eggshell. A 32-mm diameter circle was marked as a cutting 

guide at the pointed end of the eggs. A Dremel® drill was used to remove the marked 

portion of the shell. The yolk and albumin were discarded and the shells were washed 
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with distilled water. The eggshells were placed, open end down, on a moistened sheet of 

bench paper in a clean baking dish and sprayed with 70% ethanol. The shells were 

wrapped with cling film to prevent contamination and drying out of shell membranes. The 

entire contents of the injected, irradiated, stage X embryo was poured into a recipient 

eggshell. Albumen from other freshly laid eggs was added to fill the shell to leave no 

space or bubbles. The eggs were sealed with a 5 x 5 cm piece of Saran Wrap® and 

secured by a pair of plastic rings with four screw bolt projections and rubber bands. The 

injected embryos were placed on turkey flats, with the Saran Wrap® end down, and 

incubated for 3 days at 37.5°C (99.5°F), relative humidity 55%. After 3 days the embryos 

were transferred to a turkey surrogate eggshell, system Ill. Turkey eggs (supplied by 

Turkey Educational Unit, North Carolina State University, Raleigh, North Carolina) 30-

40g heavier than system II surrogate eggshells were wiped with 70% ethanol. A 42-45 

mm window at the blunt end was removed with a Dremel® drill. The yolk and albumen 

were discarded and the shells were washed with distilled water. The eggshells were 

placed, open end down, on a moistened sheet of bench paper in a clean baking dish and 

sprayed with 70% ethanol. The shells were wrapped with cling film to prevent 

contamination and drying out of shell membranes. Upon transfer from system II to 

system Ill, the embryos in system II were inverted to allow the embryos to float to the 

window to that they could be viewed to determine their viability. If the embryo was 

determined to be alive (development of vascular system) the embryo was held above the 

turkey shell at a 450 angle, the cling film was partially peeled back and 3-5ml of albumen 

slowly drained into the turkey shell. The remaining cling film was removed from the 

system II shell, the embryos positioned themselves to the center of the yolk and any 

noticeable air bubbles were cleared away using a Kim Wipe. The turkey shell containing 
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the albumen was rotated, wetting the inner shell to ease the transfer. The embryos and 

their contents were quickly but gently poured into the surrogate turkey eggshell. The 

shells were sealed with a 6 x 6 cm piece of HandiWrap®, and placed pointed end down 

in a turkey flat so that the shell nestled into the depression of the flat. Embryos were 

incubated at 37.5°C (99.5°F), relative humidity 55% for 15 days to evaluate phenotypic 

chimeras by the presence of black feathers. 

 

5.4.1.6 Statistics 

Embryo viability were subjected to Chi square analysis using the Chi square 

analysis system from Georgetown University, Department of Linquistics, Washington, 

D.C. Statements of statistical significance were based on P<0.05. 

 

5.4.2. RESULTS 

To determine somatic cell chimerism from Barred Plymouth Rock blastodermal 

cell transfer, 86 white leghorn embryos at Stage X were irradiated with 600 rads of 

gamma irradiation for 3 minutes 36 seconds and injected with approximately 500 -1000 

blastodermal cells into the subgerminal cavity. From the original 86 blastodermal cell 

injected embryos 16 (18%) embryos survived until ED15 and 10 (11.6%) chimeras were 

produced. Of the 16 embryos that survived until ED15 and 10 (62.5%) were somatic 

chimeras observed by black pigmentation in their feathers. (Figure 1)  

Chimera production was analyzed. 412 white leghorn stage X embryos were 

irradiated with 600 rads of gamma irradiation for 3 minutes 36 seconds and injected 

with barred rock myoblasts or Barred Plymouth Rock blastodermal cells. 39 embryos 

survived until ED15 (9.4%). 10 chimers were produced (25.6%). 298 non-irradiated 
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white leghorn embryos were injected with Barred Plymouth Rock myoblasts or 

blastodermal cells. 53 embryos survived until ED15 (17.7%). 1 chimera was produced. 

Irradiated and non-irradiated embryonic chimera productions were analyzed (Table1). 

The percentage of irradiated embryos which survived to ED15, producing 10 chimeras 

(25.6%), was statistically higher P<0.001 than the percentage of non-irradiated embryos 

(1.8%), which survived to ED15 producing 1 chimera.  

It has been demonstrated that it is possible to make somatic chimeras by 

injecting blastodermal cells from stage X chick embryo into irradiated recipient embryos. 

Non-Irradiated embryos have revealed that somatic chimeras may be produced less 

often than irradiated embryos. Therefore, irradiation aids in chimera production. 
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5.5 DISCUSSION 

It has been demonstrated that it is possible to make somatic chimeras by injecting 

dispersed blastodermal cells from a stage X chick embryo into an irradiated recipient 

embryo at the same stage of development (Marzullo, 1970; Petitte et al., 1990; Naito et 

al., 1991; Carscience et al., 1993, and Bednarczyk et al., 2000). 

The objective of this experiment was to produce chick chimeras utilizing myoblast 

transplantation which would be used to determine the plasticity of satellite cells in 

skeletal muscle. 

A multipotential stem cell, also known as adult stem cell, is defined as a cell which 

can differentiate into a range of phenotypes, usually within a single tissue (Partridge, 

2002). The role of multipotential cells in adult tissue is tissue renewal. Any bodily 

function that requires growth involves stem cells. 

Two criteria define satellite cells as a multipotential cell, (1) they exhibit divergent 

fates (Shefer et al., 2004; Zammit et al., 2004), and (2) when activated, satellite cells 

rebuild muscle. Once activated, satellite cells provide new nuclei to mature myofibers in 

response to demands. Satellite cells are the only source of new nuclei for growing 

myofibers. Plasticity is defined as the ability of cells from adult tissues to 

transdifferentiate into new cell types (Anderson et al., 2001). The transplantation of 

skeletal muscle satellite cells into stage X chicken embryos could determine the 

plasticity of satellite cells. There is the possibility if satellite cells have the capacity for 

plasticity or pluripotency when the cell is transplanted into an undetermined, stage X 

embryonic microenvironment, the satellite cells could possibly adopt an alternate 

ectodermal pathway, and migrate with the melanogenic neural crest cells and exhibit 

black pigmentation. 
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During development, neural crest cells travel through the anterior section of 

the somite heading toward the ventral surface of the embryo (Bronner-Fraser, 

1986; Tosney et al., 1994). Petitte et al (1990) have shown that blastodermal cells 

injected into the stage x embryo can enter the germline, neural crest, and 

hemopoietic lineages. Watanabe et al. (1992) produced ectodermal, mesodermal 

and endodermal chimeras by varying the placement of the injected blastodermal 

cells within the subgerminal cavity. 

As a result of high (92%) early embryonic mortality applying myoblast 

transplantation, it was impossible to fully evaluate the plasticity of satellite cells in 

stage X embryos. However, somatic chimeras were generated successfully using 

fresh blastodermal cells. In this current study where blastodermal cells were injected 

into irradiated recipients, the percentage of somatic chimeras that survived to 

feather color stage ED 15 was 62.5%. In previous studies, blastodermal cells 

injected into non-irradiated recipients, the percentage of somatic chimeras that 

survived to feather color stage was 15.6 %( Mazullo, 1970) at least 24.0% (Petitte, 

et al., 1990). Carscience et al. (1993) produced 48% and 66 % somatic chimeras 

after injecting blastodermal cells into irradiated recipients. Furthermore, with 

irradiation the results of the present study suggest higher chimera production, 

(62.5%), than Petitte (1990), and Mazullo (1970). The results of the current study for 

the production of somatic chimera were similar to Carsience et al. (1993), who also 

compromised the embryos with irradiation (66%).  

 Data from Table 2 shows the effect of irradiation on injected embryos. Survival in 

irradiated embryos injected with myoblasts and blastodermal cells (treatments 1 and 2) 

was 9.4% and survival in non-irradiated embryos injected with myoblasts and 
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blastodermal cells (treatments 3 and 4) was 17.7%. Irradiated injected embryos 

(treatments 1 and 2) and non-irradiated injected embryos were subjected to chi-square 

statistical analysis to determine if irradiation effects embryonic survival.  Numbers of 

dead and live irradiated stage X embryos subjected to treatments 1 and 2, myoblast and 

blastodermal cell injection, were subjected to chi-square analysis showing that irradiation 

is inconsequential to injected embryonic survival.  The result of the high mortality 

(90.5%) in irradiated treatments 1 and 2 and non-irradiated treatments 3 and 4 (82.2%) 

could possibly be the result of cell concentration. It can be speculated that even the 

lowest cell number (7200) of blastodemal cells (treatment 3) is too high for the embryo.  

The number of donor blastodermal cells Carsience et al. (1993) transplanted was 100-

400 and the number of donor blastodermal cells Petitte et al. (1990) transplanted was 

200-500. Similarly, the myoblast cell concentrations in treatments 2 and 4 average about 

16000 cells (Table 2).  The high myoblast cell concentration in these experiments could 

possibly account for the high embryonic mortality. Although it was not statistically shown, 

irradiation could also possibly account for this high embryonic mortality.  No 

experimental data was generated to definitively determine cell concentration and its 

possible effect on survival. 

 A stage X embryo contains approximately 40,000 to 60,000 pluripotent cells at 

oviposition (Etches et al., 1996) and early embryonic mortality was the lowest (ED<3), 

38%, when 875 cells were injected. Irradiation compromises the ability of cells within the 

recipient embryo to divide and that the ratio of donor/recipient cells is increased as 

embryonic development proceeds during the first 24 hours of incubation. It is assumed 

that the rate of replication by the more rapidly dividing donor cells can favor populating 

any tissue in the recipient embryo (Carsience et al., 1993).  
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After irradiation, if the donor derived cell number is greater than the original embryonic 

cell number the embryo would likely not develop. There is most likely an "optimal" 

injected cell number in which the embryo would develop normally and at the same time 

the donor cells would incorporate into the developing embryo. Further experimentation 

could determine the optimal number of myoblasts to inject into an irradiated stage X 

embryo. 

 Table 3 shows the effect of irradiation on embryonic survival. The percent of 

embryos which survived until ED15 in treatments 5, 6, 7, 8, were subjected to chi-square 

analysis. A statistical significance of P<0.001 was observed, indicating a difference in 

embryonic survival n irradiated and non-irradiated embryos.  These results are similar to 

the results in Table 1.  Irradiated and non-irradiated embryonic chimera production was 

analyzed.  The percentage of irradiated embryos which survived to ED15, producing 10 

chimeras (25.6%), was statistically higher P<0.001 that the percentage of non-irradiated 

embryos (1.8%), which survived to ED15, producing 1 chimera. It has been 

demonstrated that it is possible to make somatic chimeras by injecting blastodermal cells 

from a stage x chicken embryo into irradiated recipient embryos.  Non-irradiated 

embryos have revealed that somatic chimeras may be produced less often than 

irradiated embryos.  Irradiation aids in chimera production. 

The objective of this experiment was to produce chick chimeras utilizing myoblast 

transplantation to demonstrate the plasticity of satellite cells in skeletal muscle. 

In addition to an alternate ectodermal pathway, injected multipotential or 

pluripotential satellite cells could adopt the fate of any germ layer and could enter the 

germline or hemopoietic tissue. For a satellite cell to adopt a divergent cell fate of the 

ectodermal germ layer [neural crest cells (melanocytes)], or the endodermal germ layer 
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[gonadal tissue (germline)] satellite cells must be pluripotent. Multipotential stem cells 

may differentiate into a range of phenotypes, usually within a single tissue (Partridge, 

2002). If satellite cells are multipotential, the cells will give rise to other cell types in the 

mesenchymal lineage. However, it has been shown by Qu-Peterson et al. (2002) that a 

population of cultured muscle-derived cells expressed neural cell markers and 

endothelial markers. Muscle-derived stem cell clones were stimulated with nerve growth 

factor and expressed CNPase, a myelin-associated enzyme that is constituent of 

progenitor cells in the central nervous system and Schwann cells in the peripheral 

nervous system. As a model for spinal cord injury Alessandri et al. (2004) used rats as 

recipients for human brachioradialis muscle cells cultured in medium optimized for 

growth of neural stem cells. The muscle cells were grafted into spinal cord lesions of 

Sprague-Dawley rats. The results demonstrated that adult skeletal muscle generated 

cells of the same lineage and cells with neurogenic properties. A similar method was 

used to analyze the expression of von Willebrand Factor (vWF), an endothelial cell 

marker. Muscle-derived stem cells were stimulated with vascular endothelial growth 

factor (VEGF). Treated cells, expressing the lacZ reporter gene, were injected into the 

gastronemius of mdx mice. Twenty five days after transplantation, transplanted cells 

were found in the endothelium of well-differentiated blood vessels. Studies have 

demonstrated muscle-derived stem cells overcome their intrinsic restrictions upon 

exposure to novel environments and "transdifferentiate" and express markers of 

endothelial and neurogenic lineages. 

A multipotential satellite cell placed in a pluripotent stage X environment could 

possibly exhibit plasticity within the numerous developing tissues of the mesodermal 

lineage. In this experiment, somatic chimerism was evaluated by the presence of black 
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feathers. Mesodermal chimeras were not evaluated. 

Results have shown a relationship between skeletal muscle progenitors 

originating from the embryonic dorsal aorta to coexpress endothelial and myogenic 

markers (De Angelis et al., 1999). Endothelial angiogenic cells are derived from the 

mesodermal lineage. Huang et al. (2003) have mapped quail endothelial cells from 

somites 18 or 19 and has shown that the endothelial cells migrate to the chick limbs and 

contribute to blood vessel formation. It is possible that early somite dermamyotome cells 

can give rise to both muscle and blood vessel. Therefore, it is possible that a common 

precursor cell can migrate from the somite into the limb where it proliferates and gives 

rise to both the myogenic and endothelial lineage. Another possibly can be that there are 

two different precursor cell populations. Angiogenic cell precursor populations migrate 

from the somites into the limb bud and proliferate and differentiate into endothelial cells. 

Also from the somites, myogenic precursor cells migrate from the somite to the limb 

and proliferate into myogenic cells. 

If transplanted myoblasts are able to survive and proliferate in the stage X 

embryo, these cells can possibly migrate on their own to various mesodermal tissue or 

be carried by the vascular system throughout the developing embryo. If the cells have 

been carried throughout the embryo in some of the surviving embryos there may 

"silent" chimeras. These cells could have settled and proliferated in any tissue of the 

embryo, and the proportion of melanocytic chimeras may not reflect the proportion of 

somatic chimeras. 

Twenty three embryos developed to ED 15 producing no somatic ectodermal 

chimeras. Research could be continued to determine if chimerism did occur within 

tissues of the mesencymal lineage. For somatic chimerism to occur within the  
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ectodermal lineage the injected satellite cells must change their lineage fate 

from mesodermal to ectodermal and follow the pathway of a neural crest 

melanocyte.  

Currently there are no studies demonstrating that cultured satellite cells change 

their fate from mesodermal, myogenic to either endodermal or ectodermal lineages. Pax 

7 plays a critical role in satellite cell specification in mouse skeletal muscle Pax7 is 

expressed by quiescent satellite cells in normal muscle (Asakura et al., 2002; Seale et 

al., 2000). Pax7 signals cells to the commitment of the myogenic lineage (Seale et al., 

2004). 

Skeletal muscle of Pax7- mice lacks satellite cells and cells cultured Pax7-

muscles are unable to undergo myogenesis (Seale et al., 2000). However Pax7- muscle 

derived stem cells displayed the ability to form hematopoietic colonies (Seale et al., 

2000). Halevy et al. (2004) has proposed that Pax7+/MyoD- "reserve" cells could 

be progeny of proliferating of Pax7+/MyoD+ progenitors and have shut off MyoD 

expression. Another alternative is that Pax7+/MyoD- cells do not correspond with 

the view of that the MyoD+ phenotype represents proliferating satellite cells. 

Shefer et al., (2004) has concluded that when satellite cells are associated with 

single muscle fibers, initial expression of Pax7 does not automatically confer myogenic 

lineage commitment. Pax7 was initially expressed in all clones, but at different time 

points during culture there was a distribution of Pax7- /MyoD- clones and Pax7+/MyoD+ 

clones. The Pax7- clones may be representing an earlier lineage from the Pax7+ 

precursor cells, indicating some non-myogenic clones were derived from Pax7+ 

progenitors. Pax7/MyoD- cells give rise to non-myogenic descendants, although the 

descendants were within the mesodermal lineage. Zammit et al. (2004) found satellite 
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cells coexpress Pax7 and MyoD upon activation. The majority of these cells undergo 

limited proliferation, down regulate Pax7 and differentiate into skeletal muscle. Another 

set of cells, Pax7+/MyoD- (possible progeny of the Pax7+/MyoD+ cells) remain in 

clusters with Pax7- cells and become quiescent maintaining the satellite cell pool. Future 

studies can examine the fate of these Pax7-, MyoD- cells isolated from single muscle 

fibers.  

In the present study standard primary skeletal muscle cell culture methods 

were utilized. Myogenic progenitors were extracted from Pectoralis thoracicus muscle 

from adult Barred Rock chickens and cultured. The satellite cells were mechanically 

and enzymatically liberated from the muscle fiber, inoculated on tissue culture plates, 

and stimulated to proliferate. Although myotubes did not form, the cells still 

proliferated and likely expressed MyoD (not experimentally determined). Once MyoD 

is expressed the cell is committed to the myogenic lineage initiating a cascade of 

myogenic commitment driving the production of all MRFs (Zammit et al., 2004). In 

primary cell culture conditions, the vast majority of the cells (>90%) express muscle-

specific markers (Shefer et al., 2004). 

The drawback of utilizing standard primary cell culture, for the study of satellite 

cell plasticity, is that sorting through a heterogeneous mixture of progenitors makes it 

impossible to determine which "cell" is the cell of interest. Hence, it is possible that 

injected satellite cells can remain within the mesodermal lineage and conceivably 

enter an endodermal or ectodermal developmental pathway. Presomitic mesodermal 

cells can also be transplanted into an undetermined pluripotent environment. 

However, these cells are not satellite cells but are of the mesodermal lineage. If they 

are injected into a pluripotent environment can they adopt divergent ectodermal or 
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endodermal pathways? 

In conclusion, the present study was unable to determine the plasticity of 

satellite cells in a stage X embryo. Nevertheless, the stage X embryo is a good 

experimental model for future investigations in determining the plasticity of the satellite 

cell. 
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Table 1. Embryonic survival and chimera production 
               
     

Treatments No1 No2 
% Survive  

ED15 
% Chimera 
Production # of Chimeras  

        
      
      

86 875 18.6a  10  

(1) Injected 
Barred Rock 
Blastoderm to 
Irradiated White 
Leghorn       
     26.5a   

      
      
326 18000 7a  0  

(2) Injected 
Cultured Barred 
Rock Myoblast to 
Irradiated White 
Leghorn       
        

      
      
134 7200 13.4b  1  

(3) Injected 
Barred Rock 
Blastoderm to 
Non-Irradiated 
White Leghorn       
     1.8b   

      
      

164 13800 21.3b  0  

(4) Injected 
Cultured Barred 
Rock Myoblast to 
Non-Irradiated 
White Leghorn       
               
        
a,b Values with different superscript differ significantly (P< 0.5)  
No1 Number of embryos    
No2 Number of cells 
injected      
        

  
  

Chimera production and embryonic survival to ED15 ws significantly higher P<0.001 
in irradiated recipients, teatments 1 and 2, than in non-irradiated recipients, 
treatments 3 and 4.   
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Table 2. The effect of irradiation on injected embryos 
               

     
Treatments No1 No2 % Survive ED15 # Survive ED15   

        
      
      
 875     

(1) Injected Barred 
Rock Blastoderm 
to Irradiated White 
Leghorn       
  412  9.4a 39a   

      
      
 18000     

(2) Injected 
Cultured Barred 
Rock Myoblast to 
Irradiated White 
Leghorn       
        

      
      
 7200     

(3) Injected Barred 
Rock Blastoderm 
to Non-Irradiated 
White Legorn       
  298  17.7a 53a   

      
      
 13800     

(4) Injected 
Cultured Barred 
Rock Myoblast to 
Non-Irradiated 
White Leghorn       
               
        
a  Values with the same superscript do not differ significantly (P< 0.5)  
No1 Number of embryos    
No2 Number of cells injected      
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Table 3. The effect of irradiation on embryonic survival 
            
     

Treatments  No1 % Survive ED15   
      

Non-injected surrogate 
system    

      
(5) Non-irradiated  10 70b  

      
(6) Irradiated  10 50a  

      
      

Non-injected intact eggs    
      

(7) Non-irradiated  10 100b  
      
(8) Irradiated   10 50a   

      
a,b Values with different superscript differ significantly (P<0.5) 
No 1, Number of embryos    
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Figure 1. Embryos exhibiting somatic chimerism after 14 days of incubation 
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6. SUMMARY 

Skeletal muscle satellite cells were first identified in 1961, (Mauro, 1961) and 

thought to be unipotent and the only source of myonuclei in postnatal muscle. Recently, 

there has been extraordinary recent interest in stem cells. Adult stem cells are an 

attractive source of cells for therapy, especially in view of recent claims that they are 

plastic in their developmental potential when exposed to new environments. The 

regenerative compartment of adult skeletal muscle makes satellite cells an attractive 

source of adult cells as a therapeutic instrument of stem cell therapy for a variety of 

degenerative diseases. 

Adult myofibers are incapable of proliferation. The skeletal muscle resident 

procreator, capable of replication, is the satellite cell. Satellite cells are physically 

identifiable by their anatomic location, between the basal lamina and sarcolemma. 

Stem cell plasticity is defined as the ability of cell types from adult tissues to alter 

their character and be reprogrammed by extracellular cues to transform their identities. 

In this experiment we used postnatal muscle-derived satellite cells to test the biological 

assumption of satellite cell plasticity in the chicken embryo. The experimental results 

have demonstrated survival and proliferation of postnatal satellite cells injected into 

embryonic somites and hearts. However, it is unclear whether these cells are groups of 

"fused" satellite cells taking up residence in embryonic tissue, or if the transplanted 

satellite cells actually transdifferentiated into tissue specific cells, and demonstrated 

plasticity. The true plasticity of satellite cells in Stage X embryo was unable to be 

determined as a result of the high embryonic mortality (92.9%) in treatment 2, the 

myoblast injected embryos. 

It remains unclear as to whether satellite cells are potential pluripotent stem cells 
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(Beauchamp et al., 1999). Is there a subpopulation of myogenic stem cells separate 

from satellite cells (Asakura et al., 2002; Qu-Petersen et al., 2002)? Or are there stem 

cells with myogenic potential outside of the defined satellite cell compartment (Jackson 

et al., 1999)? However, based on satellite cell markers (Zammit and Beauchamp 2001), 

it seems likely that satellite cells are not all equivalent, and that the regenerative 

compartment of skeletal muscle contains phenotypically and functionally different 

myogenic precursors. 

Although, the satellite cell population was identified 40 years ago, the molecular 

phenotype and the regulation of the satellite cell are still elusive. As a result of the 

development of the transgenic chicken (Mozdziak et al., 2003) the current experiments 

utilized β-galactosiase positive satellite cells to confirm the survival of labeled and 

implanted cells. The use of cell culture techniques and transgenic animal models has 

improved our understanding of this unique cell population.  In recent years, scientists 

have been piecing together the profile of gene expression of quiescent satellite cells as 

well as their activated and proliferating progeny. With the discovery of satellite cell 

surface receptor markers scientists are beginning to identify satellite cell behaviro. Using 

cell surface receptor markers which identify and tag the satellite cells, combined with the 

tool of fluorescence-activated cell sorting (FACS) satellite cells can be sorted from the 

heterogeneous pool of cells, implanted and traced.  

 As a result of the highly heterogeneous nature of the myogenic progenitor cell 

pool, tools used in research laboratories today play an important role and establish 

rigorous criteria for isolating myogenic cell fractions with stem cell properties and 

regenerative capacity. However, there are limitations. One of them is that a single 

marker identifying pluripotent satellite cells, has yet to be found. 
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