
ABSTRACT 

 

NIEROBISZ, LIDIA SYLWIA. The Effect of Early Post-Hatch Dietary Amino Acid Levels 
on Satellite Cell Dynamics in Turkeys. (Under the direction of Paul Mozdziak.) 
 

Satellite cells are defined as myonuclear myogenic stem cells residing between 

sarcolemma and basal lamina of the myofiber.  Myofiber number is established during 

embryonic development.  Post-hatch and post-natal muscle growth occurs exclusively 

through an increase in myofiber size.  The increase of myofiber size in early post-hatch 

turkeys is predominantly dependent on the contribution of new myonuclei to pre-existing 

myofibers by the mitotically active satellite cell population.  Preliminary data in broilers has 

revealed that supplementation with amino acid deficient diet immediately post-hatch results 

in an increase satellite cell mitotic activity in Pectoralis thoracicus muscle in 3-day-old 

chicks as compared to birds fed adequate and above requirement amino acid levels.  

Additionally, chicks denied feed for first three days post-hatch exhibited significantly lower 

satellite cell mitotic activity in Pectoralis thoracicus muscle as compared to remaining 

treatment groups.  The hypothesis tested in the current study was that turkeys supplemented 

with crude protein and amino acid deficient diet early post-hatch would produce higher meat 

yield at 140 days.  Since very little is known about the impact of early nutrition on the 

satellite cell activity in commercially raised turkeys, the objective of the present study was to 

measure the effect of different levels of dietary crude protein and amino acids (0.88 NRC, 

1.00 NRC, and 1.12 NRC) as well as feed deprivation on the satellite cell mitotic activity, 

Pectoralis thoracicus muscle weight, and body weight of commercially raised turkey males. 

At 3, 4, 5, 8, and 11 days of age, birds from each treatment group were injected with 5-



 
   

 

bromo-2’-deoxyuridine (BrdU) to label mitotically active cells.  The right Pectoralis 

thoracicus muscle was harvested one hour after BrdU injection followed by BrdU and PI 

immunohistochemistry and measurement of myofiber diameters. On the third day post-hatch 

satellite cell mitotic activity was the highest (P<0.05) in 0.88 NRC treatment group and the 

lowest (P<0.05) in the feed deprived group.  On the fourth day post-hatch, feed deprived 

birds exhibited the lowest (P<0.05) satellite cell mitotic activity and muscle weight.  At 

market age (140 days), there were no significant differences (P>0.05) between treatments in 

body weight and Pectoralis thoracicus muscle weight. Further evaluation of mechanistic 

pathways governing satellite cell mitotic activity and muscle growth are necessary to devise 

early post-hatch feeding strategies that would lead to improvement in Pectoralis thoracicus 

muscle yield in male turkeys. 
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1. LITERATURE REVIEW 

 

1.1 Abstract   

Avian and mammalian skeletal muscles exhibit a remarkable ability to adjust to 

physiological stressors induced by growth, exercise, injury, and disease.  The process of 

muscle recovery following injury and myonuclear accretion during growth is attributed to a 

small population of satellite cells located beneath the basal lamina of the myofiber.  Several 

metabolic factors contribute to the activation of satellite cells in response to stress mediated 

by illness, injury, or aging.  This review will describe the regenerative properties of satellite 

cells, the processes of satellite cell activation, and highlight the potential role of satellite cells 

in skeletal muscle growth, tissue engineering, and meat production. 

 

(Keywords: Muscle regeneration, muscle development mitogenic factors, meat production, 

poultry, mammals) 
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1.2 Satellite cells as muscle precursors  

Throughout the process of skeletal muscle development, a large number of myoblasts 

combine and differentiate into muscle fibers (Charge and Rudnicki, 2004).  A small 

population of myoblasts located between the basal lamina and sarcolemma of the emerging 

muscle fibers forms a pool of mononuclear myogenic stem cells identified as satellite cells   

(Borisov et al., 2005) (Fig.1).  Muscle satellite cells emerge during the final stage of 

myogenesis and first appear in the limbs of an embryo (Seale et al., 2001).   After the process 

of myogenesis is complete, the satellite cells continue to proliferate to fuel muscle growth by 

donating myonuclei to enlarging muscle fibers, but in mature non-growing muscle, satellite 

cells are mitotically quiescent (Gibson et al., 1983; Mozdziak et al., 1997; Sherwood et al., 

2004).  

Myogenic satellite cells play an important role in post-hatch and post-natal 

development of skeletal muscle as well as contribute to muscle regeneration.   In response to 

myotrauma, satellite cells become activated, begin to multiply and express myogenic markers 

(Hawke and Garry, 2001).  Several studies have demonstrated that satellite cells constitute a 

reserve of stem cells for regeneration of skeletal muscle.  As a result of proliferative 

functions of satellite cells, skeletal muscle possesses exceptional regenerative properties.  

The satellite cells readily respond to regenerative cues such as exercise, or injury by 

proliferating into myoblasts, which will divide a limited number of times before terminal 

differentiation and fusion to form multinucleated myotubules (Wager and Conboy, 2005).  

New myotubes emerge only a few days following acute muscle damage.  In vivo and in vitro  

 



 
   

 

3

 

 

 

(Hawke and Garry, 2001) 

Figure 1. Location of satellite cells between sarcolemma and basal lamina of the              

 myofiber. 
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experiments demonstrate that satellite cells are active in the regeneration of damaged muscle 

by fusing with pre-existing myofibers (Moss and Leblond, 1971; reviewed in Wagners and 

Conboy, 2005) or fusing with each other to form new myofibers (Schultz and McCormick, 

1994; Bischoff, 1997; Hawke and Garry, 2001) (Fig. 2.). Moreover, satellite cells can be 

disaggregated from single muscle fibers and grown into myotubes in a culture environment 

(Bischoff, 1986; Blau et al., 2001). The ultimate regenerative capability of satellite cells 

implies that they can be continuously renewed and at the same time produce differentiated 

progeny, suggesting that satellite cells may embody a skeletal muscle stem cell population. 

 

 

1.3 Self-renewal properties of satellite cells  

A stem cell has the ability to self-renew and preserve at least one tissue throughout 

the life of an organism (Wagers and Weissman, 2004).  Satellite cell number and 

regenerative power remain almost constant during multiple cycles of muscle damage and 

repair, implying that satellite cells self-renew (reviewed in Wagers and Conboy, 2005).  The 

ability of existing satellite cells to provide new satellite cells was investigated by grafted 

freshly isolated myofibers into radiation-ablated muscles of immunocompromised, 

dystrophic mdx-nude mice (Collins et al., 2005).  Following grafting, small and pure 

populations of anatomically defined satellite cells were investigated.  The results have 

indicated that in vivo, a few satellite cells that were associated with one myofiber can 

generate a progeny of thousands of new myonuclei (Megeny et al., 1996) and they may 

regenerate considerably expanded numbers of functional Pax-7+ satellite cells in vivo 
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(Hawke and Garry, 2001) 

Figure 2. Skeletal muscle fiber regeneration process orchestrated by satellite cells. 
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 (Collins, et al., 2005). Pax7 is a paired box transcription factor residing in satellite-cell 

derived myoblasts.   Pax7 plays a very important regulatory role in development of various 

cell lineages (Mansouri et al., 1999).    The capability of satellite cells to produce new 

myonuclei has been demonstrated both in vivo and in vitro.  However, it is necessary to 

establish the ability of satellite cell self-renewal to truly define them as stem cells.  The study 

performed by Collins et al.  (2005) provides evidence that satellite cells are potent myogenic 

progenitors and are capable of preserving their own population by self-renewal. Satellite cells 

transplanted into irradiation-depleted host muscle resulted in extensive self-renewal by 

repopulating the muscle with myogenic cells that generated large conglomerations of newly 

made myofibers throughout successive cycles of injury-induced regeneration 

Additional studies of isolated single myofibers and studies of primary satellite cell 

isolates maintained in culture demonstrated that cultured satellite cells encompass both 

phenotypic characteristics of quiescent satellite cells and form clusters that contain 

differentiated progeny of satellite cells.  Satellite cell activation and myogenic development 

are controlled by transcription factors including the myogenic regulatory factors Myf5, 

MyoD, and myogenin.  Myf5 and MyoD are responsible for determination of myogenic 

lineage and cell activation whereas myogenin controls terminal differentiation (Zammit et al., 

2004). It has been demonstrated using ex vivo explant cultures that satellite cells activated by 

muscle injury initiate formation of transitional progenitor cells expressing Pax7+.  

Subsequently, these progenitor cells divide asymmetrically and give rise to Pax3-, Myf-5+, 

and desmin (+) myoblasts (Conboy and Rando, 2002).  Recent research has demonstrated 

that in cell culture systems mdx derived satellite cells engage in accelerated differentiation, 
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indicating that some features of myogenic proliferation are self-autonomous (Yablonka-

Reuveni and Anderson, 2006).  Concurrently, these data suggests that satellite cells alone are 

able to sufficiently repair muscle.   

 

1.4 Pax7 as an early marker of satellite cell self-renewal and differentiation 

Several scientific studies performed on rodents have demonstrated that paired-box 

transcription factor Pax7 is expressed in satellite cells during early stages of myoblast 

proliferation (Seale et al., 2000; Conboy and Rando, 2002).  Halevy et al. (2004) discovered 

the presence of the Pax7 protein in avian satellite cells suggesting that the pattern of satellite 

cell expression in both avian and mammalian myoblasts is autologous.   In the study 

performed by Halevy et al. (2004), the pattern of Pax7 protein expression was analyzed in 

myogenic cell cultures originating from 9-day-old chickens.  Double-immunofluorescence 

staining was employed to depict the pattern of Pax7 expression in relation to myogenin and 

MyoD expression to determine the presence of Pax7 protein during proliferation and 

differentiation of chicken myoblasts.  Myogenin protein expression commences as the 

myoblasts begin differentiating (Zammit et al., 2004).  Alternatively, MyoD protein is 

expressed in avian myoblasts that are in both proliferating and differentiating (Yablonka-

Reuveni and Paterson, 2001).  While MyoD is a marker of activated satellite cells, Pax7 

expression marks mostly the proliferative reserve/quiescent population.  Cell culture and in 

vivo analysis of Pax7 expression in chicken myoblasts suggests that Pax7 positive cells are 

mostly in pre-myogenin state.  Satellite cells that are in a quiescent state may only express 

Pax7.  In response to various stresses imposed on the muscle, the quiescent satellite cells can 
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rapidly enter the cell cycle.  During early avian muscle growth or repair, proliferating 

satellite cells either undergo asymmetric cell division or stochastic on/off gene switch in 

separate cells.  In the course of asymmetric cell division, some cells undergo differentiation 

and some enter the reserve pool that maintains the proliferation potential of the satellite cell 

population.  While satellite cells differentiate, myogenin expression increases and Pax7 

expression gradually declines and eventually stops.  Satellite cells that remain in a quiescent 

state may only express the Pax7 protein, which represents an early marker of myogenesis 

during muscle growth, and its expression is maintained in satellite cells derived from adult 

chickens (Halevy, et al., 2004).  While satellite cells appear to be self renewing stem cells, 

many factors affect proliferation and regeneration of satellite cells following different types 

of physiological trauma, such as exercise-induced muscle injury, muscular atrophy, age-

related muscular changes, muscle denervation, and disease-related myopathy. 

 

1.5 Regulation of satellite cell population by growth factors and 
inflammatory pathways  

 

Muscle regeneration requires a succession of cellular events involving various growth 

factors (Fig. 3).  The most studied growth factors that participate in satellite cell proliferation 

and muscle regeneration are insulin-like growth factor I (IGF-I), hepatocyte growth factor 

(HGF), fibroblast growth factor (FGF), transforming growth factor (TGF) (Hawke and Garry, 

2001; Nara et al., 2001) and GDF8/myostatin (Wagers and Conboy, 2005).   
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Figure 3.  Factors regulating satellite cell activity.  These factors regulate chemotaxis, 

proliferation, and differentiation of satellite cells. 
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 Growth factors play an important role in the regulation of proliferation, differentiation, and 

motility of satellite cells.  Many scientific studies have utilized cell culture models analyzing 

the influence of growth factors on satellite cell population.  The response of quiescent 

satellite cell activation by growth factors significantly varies depending on the age of an 

animal.  Since satellite cell activity is higher in younger animals than mature non-growing 

animals, most of the satellite cell cultures are derived from early post-hatch or neonatal 

skeletal muscle (Allen and Rankin, 1990; Zacharias and Anderson, 1991; Tatsumi, et al., 

1998). 

 The insulin-like growth factors interact with a number of cell membrane receptors including 

the receptors on muscle cells. Minshall et al. (1990) utilized competitive binding assays and 

autoradiographic analysis of hormone receptor complexes to determine the interaction of 

insulin-like growth factor I (IGF-I) with turkey satellite cell clones and myotubes.  This study 

demonstrated that turkey satellite cells and satellite cell derived myotubes possess unique 

binding sites for insulin-like growth factor I (IGF-I ) suggesting that IGF-I  plays a role in 

satellite cell activation (Minshall et al., 1990). 

 Insulin-like growth factors I and II (IGF-I and IGF-II) play an important role in metabolism 

of insulin.  These two factors are also regularly secreted by skeletal muscle and are known to 

increase satellite cell activation and proliferation in in vitro models (Allen and Boxhorn, 

1989; LeRoith et al., 1992; Musaro et al. 2001).  Intramuscular injection of IGF-I into older 

or injured animals resulted in enhancement of satellite cell proliferation and in overall 

increase of muscle mass (Chakravarthy et al., 2000).  IGF-I is also involved in signaling 



 
   

 

11

pathways that participate in the regulation of the satellite cell pool through stimulation of 

protein synthesis.  For instance, the signaling pathway that involves stimulation of satellite 

cells by IGF-I is mediated through phoshatidylinositol-3-OH kinase (PI-3K) (Coolican et al., 

1997).  It has also been determined that exercise and overload of avian and mammalian 

skeletal muscle elevates levels of IGF-I and at the same time an increase of DNA content 

implying an increase in satellite cell activity (Darr and Schultz, 1987; Carson and Alway, 

1996; Adams et al., 1999).     

 Hepatocyte growth factor (HGF) and its c-Met receptor have also been found to have a role 

in the satellite cell activation. Release of HGF from damaged myofibers is proportional to the 

degree of muscle injury.  In addition to satellite cell activation, HGF has a role in the 

inhibition of myoblast differentiation (Allen et al., 1995) partially by inhibition of myogenic 

regulatory factors such as MyoD (Miller et al., 2000).   

  Fibroblast growth factors consist of nine different isomers.  Only FGF-6 is restricted to 

skeletal muscle.  However, due to conflicting reports on the effect of FGF-6 on mouse 

satellite cells, the functional role of FGF-6 remains unclear.  Studies have shown that 

hepatocyte growth factor and the FGFs–2, -4, -6, or –9, synergistically increase proliferation 

of satellite cells.  Release of both HGF and FGF from the damaged muscle fibers is 

proportional to the level of injury.  Additionally, the level of FGF released by the muscle and 

its effect on satellite cell proliferation is proportional to the expression of FGF receptor 

(Sheehan and Allen, 1999).   McFarland et al. (2003) demonstrated that various subgroups of 

turkey satellite cells derived from Pectoralis thoracicus muscle respond differently to 

mitogenic stimuli.  McFarland et al., (2003) suggested that faster growing clonal satellite cell 
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population showed higher response to FGF-2 than slow growing cell populations.  In 

addition, turkey satellite cells with higher growth rates express elevated levels of FGF-2 and 

FGF receptor-1 at the beginning of the proliferation process than slower growing clones.  

Faster growing clones also expressed higher levels of heparin sulfate proteoglycans, which 

are responsible for FGF receptor signaling (McFarland et al., 2003). 

Transforming growth factor-β (TGF-β) is a cytokine protein that is responsible for 

bone morphogenesis and growth differentiation (Allen and Boxhorn, 1989; Zentela and 

Massague, 1992; Kotagiri et al., 1997; Kocamis et al., 2001).  The family members of TGF-β 

normally have a role in inhibition of muscular differentiation and proliferation by 

suppressing the activation of transcription of MyoD factors (Martin and Olson, 1992).  It has 

been demonstrated that the fast growing turkey satellite cell clones are more receptive to the 

proliferation and differentiation depressing effects of TGF-β compared to the slow growing 

clones proving the inhibitory role of TGF-β on satellite cell activation during avian muscle 

growth (McFarland et al., 2003). However, during the process of muscle regeneration, TGF-

β receptor is expressed causing an increase of cellular differentiation followed by a boost of 

skeletal muscle differentiation (Sakuma et al., 2000). The repair of injured muscle also 

involves the release of inflammatory cytokines such as interleukin –6 (IL-6), interleukin –4 

(IL-4), leukemia inhibitory factor (LIF), and TNF-α (Tidball, 2005).  Injured muscle induces 

production of macrophage and monocyte chemoattractants that creates an obstacle for 

inflammatory cell infiltration, which slows muscle regeneration (Bondesen et al., 2004).  In 

LIF mutant mice, exogenous administration of LIF increased the proliferation of satellite 



   

 
   
13

cells and produced enlarged muscle fibers (Kurek et al., 1997). IL-6 showed no effect on 

activation of satellite cell population (Kami and Senba, 1998). 

 Growth factors play an important role in satellite cell activation in avian and mammalian 

muscle.  However, the in vitro studies do not always accurately model the in vivo situation 

regarding the function of growth factors because the permissive and repressive factors 

regulating cell function in in-vivo environment are not present (Greene and Allen, 1991; 

Allen et al. 1995; Pavlath, 1996). 

 

1.6 Satellite cell response to exercise-induced myotrauma  

Bursts of high resistance exercise cause hypertrophic growth of skeletal muscle.  

Muscle growth is generated by satellite cell proliferation, migratory capacity of satellite cells, 

and fusion to already existent myofibers.  If there is a severe exercise-induced myotrauma, 

the basal lamina ruptures and satellite cells migrate to adjacent muscle fibers.  However, if 

myotrauma is mild, the basal lamina remains intact and satellite cells migrate to the site of 

injury to begin the regenerative process (Schultz and McCormick, 1994).  Exercise induced 

stress on the myofiber results in the spurt of blood-borne macrophages into the injured area.  

Macrophages orchestrate the muscle repair process by stimulating secretion of inflammatory 

cytokines such as IL-6 or LIF that incite satellite cell proliferation and differentiation.  

However, if there is no macrophage response, the repair process does not proceed 

(Lescaudron et al., 1999).  Furthermore, exercise generated stress on muscle fibers causes an 

influx of IGF-I, that influences proliferation and fusion of the satellite cell pool. 

 



   

 
   
14

1.7 Satellite cell activity in denervated and atrophic muscle  

Factors such as malnutrition, hindlimb unloading, and denervation result in atrophy of 

skeletal muscle that is characterized by a decrease in the number of myonuclei (Carlson and 

Faulkner, 1988; Kuschel et al., 1999; Dedkov et al. 2001) (Fig. 4).  When a normal structure 

of the tissue is damaged, satellite cells are able to divide and fuse resulting in the 

establishment of new multinucleate myofibers.  Denervation of adult muscle causes a prompt 

decrease in the functional capacity of the muscle followed by atrophy (Borisov et al., 2005) 

(Fig. 5).  Previous studies have demonstrated an increase in satellite cell population shortly 

after denervation (Viguie et al., 1997).  However, an extended period of denervation results 

in a considerable drop in satellite cell number (Dedkov et al., 2001).  A decline in the satellite 

cell population may result from cell apoptosis, and limited input of factors such as IGF-I that 

stimulate satellite cell proliferation. Recent experiments performed by Borisov et al. (2005) 

suggested that progressive interstitial fibrosis and confinement of a large number of satellite 

cells within the endomysial tubes of atrophic muscle are the major factors preventing normal 

proliferation of satellite cells (Borisov et al., 2005).  In vitro results from denervated rat 

extensor digitorum longus myoblasts have shown that capability of myoblasts for fusion is 

not irreversibly impaired subsequent to denervation.  Because the release of satellite cells 

from their sublaminal space provides more room for active regeneration, denervated muscle 

is partially able to restore its functionality following injury (Borisov et al., 2005). 
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1.8 Muscular dystrophy  

Muscular Dystrophy is defined as a group of over 20 genetic disorders arising from 

mutations in the X-linked dystrophin gene (Seale et al., 2001). Muscular dystrophies are 

correlated with mutations occurring in genes encoding different types of muscle proteins 

responsible for normal function of myofiber membrane (Imamura et al., 2000).  Impairment 

in myofiber membrane function leads to muscle weakness and degeneration.  Disease 

progression and death associated with muscular dystrophy are ultimately due to failure of 

myogenic satellite cells to sustain muscle regeneration (Webster and Blau, 1990). 

 Muscular dystrophy conditions and symptoms vary across species because of 

differences in expression of genes responsible for this disease. Avian muscular dystrophy is 

characterized by a mutation in a single gene, am (Asmundson and Jullian, 1956).  Birds with 

muscular dystrophy show signs of abnormalities in the growth and development of pectoralis 

major and other fast twitch muscles.  Moreover, avian dystrophic muscle fibers exhibit 

variability in their diameters and are larger and more rounded than normal muscle fibers 

(King and Entrikin, 1991).  

 

 

 

 

 

 

 



   

 

 

 

a.                

    

b. 

  

Figure 4.  a, b.  Pectoralis thoracicus muscle fibers stained with terminal deoxynucleotidyl 

transferase in conjunction with fluorescein-12-dUTP to label apoptotic myonuclei of a) 3-day 

post-hatch chickens that were deprived feed and b) 3-day post-hatch chickens that were fed a 

normal diet. 
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(Borisov et al., 2005) 

 

Figure 5.  Confocal microscope images of normal extensor digitorum longus muscle fiber a), 

and dwarf denervated extensor digitorum longus binucleated myotubes isolated from a two 

month old rat b). 
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The chicken was an early model for human muscular dystrophy (Asmundson and 

Jullian, 1956).   Subsequently, dystrophy was well characterized in the human and mdx 

mouse model (Ascadi et al., 1991; Wakeford et al., 1991), and it was demonastrated that 

muscular dystrophy was related to the absence of the sarcolemmal protein dystrophin in 

many species (Asmundson and Jullian, 1956; Gorospe et al., 1994; Iwata et al., 1996).  The 

cytoskeleton and the extracellular matrix are joined together by dystrophin-glycoprotein 

complex (DGC) that is comprised of intracellular proteins such as dystrophin, syntrophins, 

and the sarcolemmal proteins named dystroglycans, sarcoglycans, and sarcospans.  When the 

linkage in these proteins is disrupted, sarcolemma becomes unstable and easily tears causing 

an increased influx of calcium into the muscle, which makes muscle fibers more susceptible 

to necrosis- the major pathological feature of muscular dystrophy (Cohn et al., 2002).  It has 

been recently demonstrated that altered glycosylation and laminin-binding activity of α-

dystroglycan results in muscular dystrophy in chickens (Saito et al., 2005).  Mice chimeric 

for dysroglycan expression develop severe cases of muscular dystrophy, and it has been 

suggested that dystroglycan is expressed in satellite cells (Cote et al., 1999).  During early 

phase of muscular dystrophy, skeletal muscle can efficiently repair itself.  However, the 

continuous activation of the repair mechanism eventually drains the satellite cell proliferative 

capacity.  As a result, inability of satellite cells to maintain muscle regeneration results in 

advanced fibrosis and replacement of muscle tissue with adipose tissue.  
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1.9 Muscle regeneration and aging 

The self-repairing ability of injured skeletal muscle progressively decreases with age 

(Grounds, 1998).  In avian and mammalian models, the satellite cells dynamically participate 

in the repair of skeletal muscle throughout the adult life, but the activity of satellite cells 

dramatically decreases with age (Allbrook et al., 1971; Mozdziak et al., 1994).  The satellite 

cell population in injured skeletal muscle is also under control of evolutionary conserved 

Notch and Numb signaling pathways, which play a key role in age-related muscle 

regeneration (Conboy and Rando, 2002).  These pathways play an important role in 

embryonic organogenesis.  While proliferation of satellite cells in response to muscle injury 

is upregulated by the Notch pathway, the terminal myogenic differentiation is restrained by 

the Numb pathway, which functions as a metabolic antagonist of Notch.  During muscle 

injury, Notch ligand, Delta, binds to its receptor and activates Notch signal transduction, 

which simultaneously stimulates mitotic activity of satellite cells (Conboy and Rando, 2002).  

As age progresses, Notch ligand, Delta, fails to sufficiently transduce signals to the Notch 

receptor, resulting in incompetent regeneration of old muscle tissue (Conboy et al., 2003).  

Results of studies performed on old and young rodents have suggested that age-related 

decline in regenerative capabilities of satellite cells are dependent on the cell environment.   

Muscle transplantation studies between young and old animals have demonstrated that the 

recovery of a muscle is dependent on the age of the host rather than on the age of the 

transplanted muscle (Carlson and Faulkner, 1989). It was observed that Notch signaling 

pathway and subsequent activation of satellite cells have been restored in the old tissue due 
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to exposure to the internal environment of a young organism (Conboy et al., 2005). The 

reconstitution of the proliferative capacity of aged satellite cells by exposure to the young 

systemic environment may be crucial for future therapies focused on restoration of 

regenerative properties of stem cells in aged population. 

 

1.10 Tissue engineering and enhancing meat production  

Tissue engineering holds promise in the restoration of lost, damaged or failing tissues 

or organs.  While several tissue engineering techniques attempt the rebuilding of human 

organs have been used in medical practice, the reconstruction of skeletal muscle is still under 

investigation.  Since satellite cells can be harvested from adult muscle and grown in vitro, 

skeletal muscle tissue engineering relies on regenerative properties of these cells and their 

proliferative potential.  Normally, satellite cells are in a quiescent and undifferentiated state.  

When stimulated, these progenitor cells enter mitosis, which induces division and fusion of 

myoblasts to form myotubes that consequently assemble into muscle fibers (Reviewed in 

Bach et al., 2004).  Primary satellite cell cultures may better reflect muscle development than 

myogenic cell lines (Marzaro et al., 2002).  Successful transplant of tissue created in vitro 

into an in vivo environment requires that the donor cells be autologous, or as a minimum, 

non-immunogenic.  Hence, it has been suggested that autologous primary satellite cells are 

ideal candidates for muscle tissue engineering (Bonassar and Vacanti, 1998).  The 

reconstruction of skeletal muscle tissue utilizing tissue-engineering techniques has a great 

potential in the treatment of skeletal muscle diseases such as muscular dystrophy and spinal 

muscular atrophy, severe muscle injuries, tumor ablations, and prolonged muscle 



   

 
   
21

denervations (Bach et al., 2004) because it may be possible to expand the autologous cell 

populations derived from healthy muscle in vitro and introduce them into injured areas. 

 Studies focusing on muscle development in poultry have demonstrated an age-related 

decrease in satellite cell mitotic activity (Mozdziak et al., 1994) because satellite cell mitotic 

activity was high during the early phases of growth, and it fell to low levels at approximately 

9 weeks of age.  Therefore, manipulation of satellite cell mitotic activity early in life may 

have a great impact on muscle development in meat producing animals.  Several studies have 

revealed that satellite cell mitotic activity can be easily suppressed or stimulated by various 

physical and nutritional factors (Mozdziak et al., 1997; 2000; Dangott et al., 2000; Pophal et 

al., 2004).    Inhibition of satellite cell activity by irradiation and hindlimb unloading in 

young animals results in smaller myofiber diameter and lower muscle size at maturity 

(Mozdziak et al. 1997; 2000). Nutritional stimulation of satellite cell mitotic activity may 

also result in higher muscle yield.  It has been recently shown that the level of satellite cell 

mitotic activity in early post-hatch chickens can be influenced by treatment with different 

amounts of dietary lysine (Pophal, et al., 2004).  An earlier study by Dangott et al. (2000) has 

demonstrated that dietary creatine supplementation in combination with an increased 

functional load has a direct effect on satellite cell mitotic activity in rats, and that the 

nutritional supplementation was correlated with a larger myofiber diameter compared to non-

supplemented control animals. Taken together, the results of these studies suggest that it is 

possible to influence muscle size by nutritionally or functionally targeting the satellite cell 

population.    
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Further studies focusing on the molecular pathways regulating satellite cell self-

renewal and differentiation are crucial for developing therapies for the improvement of the 

regenerative capabilities of the skeletal muscle lost due to disease or aging.  Since most of 

the research analyzing factors responsible for satellite cell activation was performed in the in-

vitro environment, future challenges include implementation of the in vitro processes into an 

in vivo situation.  In depth understanding of the mechanistic processes governing satellite cell 

activity could also be advantageous in muscle growth augmentation in domestic animals.  

Because satellite cell activity peaks during early stages of muscle development, manipulating 

satellite cell population and stimulation of biochemical factors influencing satellite cell 

proliferation by dietary treatments immediately post-hatch may improve muscle growth and 

quality later in life.  Consequently, understanding the influence of satellite cells on muscle 

growth could lead to more optimal meat production at market age. 
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2. The effect of dietary crude protein and amino acids on poultry 
performance 
 

2.1 Introduction 

 One of the major purposes of domestic poultry production is to efficiently maximize meat 

yield.   Dietary crude protein and amino acids are primary determinants of carcass 

components in avian species because of their large influence on breast muscle size and 

abdominal fat content.   The protein and amino acid requirements advocated by National 

Research Council (NRC,1984, 1994) were based on experiments performed few decades ago.  

Furthermore, recommendations for many amino acids were largely based on computer 

modeling instead of real life feeding trials (Hurwitz et al., 1983).  Former research studies 

have indicated that growth performance potential of meat producing poultry has significantly 

increased over recent years and amino acid and protein requirements are now much higher 

than those recommended by NRC (1984, 1994)  (Lehmann et al., 1996, Gramzow et al., 

1998). Since NRC last published the dietary guidelines for poultry (NRC, 1994), much 

research has been done to determine dietary amino acid and crude protein levels required to 

improve muscle yield. 

 The quality of dietary protein has been correlated to the efficiency of protein utilization in 

avian species.  The animal’s response to dietary crude protein is usually dependent on the 

amount of limiting amino acids in the feed (Urdaneta-Rincon and Leeson, 2004).  Lysine and 

methionine have been shown to be the primary limiting amino acids in poultry diets (Potter 
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and Shelton, 1980; Han and Baker, 1991).   Former studies have shown that with an increase 

of dietary lysine need, there is a linear increase in crude protein requirements.  Consequently, 

when generating ideal amino acid balance, lysine usually represents the basis to which all of 

the dietary amino acids are adjusted.  The amount and quality of crude protein as well as 

dietary lysine has a direct effect on muscle protein mass and muscle size (Grizard et al., 

1995).   

 

2.2 Lysine metabolism 

   Lysine is considered an essential amino acid in eukaryotic diets. Lysine is an alkaline amino 

acid with pK of α-amino group equal to 9.0 and pK of R group equal to10.5. The amino 

group connected to ε carbon of lysine takes part in several important metabolic reactions 

such as oxidation, cross-linking, and methylation (Fig. 1)  

 Lysine catabolism occurs either through saccharopine pathway or pipecolic pathway.  While 

the saccharopine pathway plays a major role in lysine oxidation, the pipecolic pathway has a 

small part in lysine catabolism (Fig. 2). The first key reactions of saccharopine pathway are 

catalyzed by lysine-oxoglutarate reductase and saccharopine dehydrogenase (Devlin, 2002).  

The site of lysine catabolism has been shown to be species specific.  The saccharopine 

pathway can be found in mitochondrial matrix of liver in rats (Higashin et al., 1965); liver, 

kidney, muscle, intestine, and brain in chicks (Manangi et al., 2004); and liver, kidney, 

muscle, and intestine in pigs (Pink et al., 2004). 

 

 



   

                            

 

                              

                               

 

Figure 1. Chemical structure of lysine. 
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Figure 2. Saccharopine pathway 
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The major product of saccharopine pathway is acetyl CoA, which later participates in Krebs 

cycle for energy production. 

 Aside from its role in acetyl CoA production, lysine undergoes post-translational 

modifications such as methylation and cross-linking.  Both lysine and methionine participate 

in formation of a carnitine molecule that plays an important role in transport of long chain 

fatty acids into mitochondria (Rebouche, 1991). During post-translational modifications, the 

epsilon amino group of lysine becomes sequentially methylated to form ε-N-Trimethyllysine.  

The methyl groups of ε-N-Trimethyllysine derive from L-methionine via S-adenosyl-

methionine.  Subsequently, the ε-N-Trimethyllysine undergoes a series of reactions that 

result in formation of L-Carnitine (Fig. 3). 

 During post-translational modifications, lysine becomes hydroxylated in presence of α-

ketoglutarate, ascorbic acid, and lysyl hydroxylase to form hydroxylysine residue.  

Hydroxylysine is involved in formation of O-glycosidic linkages with galactose during 

collagen formation (Popenoe et al., 1966, Piez, 1997).  During other post-translational 

modification, the epsilon amino group of lysine becomes replaced with carbonyl group in 

presence of lysyl oxidase (Cu-metalloenzyme) to form allysine residue.  Allysine cross-links 

between collagen molecules by joining with another lysine or allysine residue.  Condensation 

of three allysine side chains and one lysine residue gives elastin molecule its properties 

(Akagawa and Suyama, 2000).  



   

 

 

 

Figure 3. Biosynthesis of carnitine. 
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2.3 Nutritional biochemistry of lysine 

 80% of lysine metabolism occurs in small intestine, 40% is used by both small intestine and 

liver, and 20% is metabolized by liver.  While lysine catabolism predominates in small 

intestine, liver is the major site of protein synthesis (Stoll et al., 1998).  Lysine is reabsorbed 

by kidney and shares its transport pathway with arginine, ornithine, and histidine.  Increased 

lysine supplementation has been shown to be antagonistic for arginine metabolism.  Lysine-

arginine antagonism is most common in birds and fish because they do not synthesize 

arginine due to lack of urea cycle.  Birds supplemented with excessive lysine have showed 

increased arginase activity in kidneys, decreased feed intake, decreased weight gain, and 

increased feed conversion ratio (Chamruspollert et al., 2002) 

 Several nutritional factors decrease bioavailability of lysine.  Every time the amino group of 

lysine reacts with a different biochemical compound, the effect on lysine digestibility is 

negative.  Reactions that have negative effects on lysine availability and digestion are: 

Maillard (browning) reaction where the epsilon amino group of lysine reacts with aldehydes, 

lysinoalanine formation where epsilon amino group of lysine reacts with dehydroalanyl 

protein, and reaction of lysine with gossypol present in cottonseed meal. (Gilani et al., 2005) 

 

2.4 Lysine and Crude Protein in Poultry Diet 

 Lysine is usually second or third limiting amino acid in poultry feed and it is used as the 

reference amino acid to which the rest of the essential amino acids are balanced. Because of 

its large effect on protein metabolism, numerous studies have been performed to determine 
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lysine requirements in domestic poultry.  Lysine requirement for starting poults is 1.6 % of 

the diet and it decreases as the bird matures (NRC, 1994).  Dietary trials performed in chicks 

have demonstrated that lysine deficient diet results in a great decrease in Pectoralis 

thoracicus muscle growth as compared to other muscles (Tesseraud et al., 1996).     

 Several studies focusing on Pectoralis thoracicus meat yield suggest that lysine requirement 

of domestic poultry is higher that that recommended by National Research Council (NRC 

1984, 1994). Hickling et al. (1990) has revealed that 6 week old broilers fed 112% NRC 

(NRC, 1984) lysine requirement had significantly higher breast muscle yield as  compared to 

birds provided with 100% NRC amino acid diet. A study performed by Holsheimer and 

Ruesing (1993) confirmed that higher than 115% NRC (NRC, 1994) dietary lysine provided 

to chicks during starter period (to 14 days of age) resulted in increased Pectoralis thoracicus 

muscle yield at 49 days of age. A recent experiment executed by Urdaneta-Rincon and 

Leeson (2004) evaluated the effect of graded levels of lysine and crude protein on Pectoralis 

thoracicus muscle protein turnover in 21-day-old broiler chickens (Urdaneta-Rincon and 

Leeson, 2004).  This study demonstrated that increasing dietary lysine levels from 86 to 

122% NRC with 210, 250, and 290g crude protein/ kg (NRC, 1994) has improved body 

weight gain.  Additionally as dietary lysine increased from 86 to 122 NRC with 210, 250, 

and 290g crude protein/kg, the Pectoralis thoracicus muscle weight increased. Nonetheless, 

no improvement in Pectoralis thoracius muscle weight was observed when chickens were 

fed lysine levels above 122 % NRC.  This study has also suggested that an increase of dietary 

lysine and protein intake elevates the myofiber capacity for protein breakdown and synthesis.  
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Moreover, diet consisting of 122% NRC lysine has been shown to be most appropriate to 

maximize growth in chicks to 21 days of age (Urdaneta-Ricon and Leeson, 2004). 

 Dietary amino acids have been shown to be major determinants of the carcass components of 

domestic poultry because abdominal fat content and Pectoralis thoracicus muscle size are 

greatly dependent on their levels (Moran and Bigili, 1990; Johnson, 1996).  Although, it is 

well known that dietary protein and amino acids increase carcass lean tissue and decrease 

carcass lipids, the physiological and biochemical mechanisms responsible for skeletal muscle 

growth need further investigation.  Recently, early Pectoralis thoracicus muscle growth has 

been directly associated with satellite cell myonuclear accretion (Mozdziak et al., 2002, 

Halevy et al., 2003).   

It has been demonstrated that a temporary inhibition of satellite cell activity early in 

life results in a reduction in mature muscle size (Mozdziak et al., 2000). Furthermore, it has 

also been demonstrated that nutritional supplements, such as creatine, can stimulate satellite 

cell activity in vivo (Dangott et al., 2000). Lastly, it has been demonstrated that early post-

hatch nutritional manipulations can impact satellite cell activity early in life (Pophal et al., 

2004; Moore et al., 2005). However, there is no data available correlating early nutritional 

manipulations, satellite cell activity, and mature muscle yield. The goal of the current 

research study was to utilize immunohistochemical techniques to evaluate the influence of 

various levels of early amino acid and crude protein supplementation on satellite cell mitotic 

activity, body weight, and Pectoralis thoracicus muscle yield in domestic turkeys. 
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3. The effect of early dietary amino acid levels on satellite cell dynamics in 
turkeys 
 

3.1 Abstract 

Understanding the relationship between nutrition and satellite cell activity will be 

beneficial in obtaining optimal muscle growth and meat production.  The objective of this 

study was to evaluate the effect of early post-hatch levels of dietary amino acids (0.88 NRC, 

1.00 NRC, and 1.12 NRC), and feed-deprivation on the satellite cell mitotic activity, 

Pectoralis thoracicus muscle weight, and body weight of male turkeys (Meleagris 

gallopavo).  Birds from each treatment were injected with 5-bromo-2’-deoxyuridine (BrdU) 

to label mitotically active cells.  The right Pectoralis thoracicus was harvested one hour after 

BrdU injection for immunohistochemical and myofiber diameter analysis. On the third day 

post-hatch, satellite cell mitotic activity was the highest (P<0.05) in the 0.88 NRC amino acid 

treatment group and the lowest (P<0.05) in the feed-deprived group.  On the fourth day post-

hatch, feed-deprived birds exhibited the lowest (P<0.05) satellite cell mitotic activity and 

muscle weight.  At 140 days of age, there were no significant differences (P>0.05) between 

treatments in body weight or Pectoralis thoracicus muscle weight.  Research evaluating 

species-related differences in apoptotic events and in genes regulating cell proliferation may 

be necessary to devise feeding strategies aimed at obtaining optimal Pectoralis thoracicus 

muscle yield at market age. 

Keywords: Amino acids, Feed deprivation, Muscle, Satellite cells, Turkey 
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3.2 Introduction 

                         During embryonic development of a turkey, skeletal muscle growth occurs through 

myonuclear accretion from mitotically active satellite cells (Moss and Leblond, 1971).  The 

uni-nucleated myoblasts fuse with each other resulting in myotube formation.  Subsequently, 

the myotubes mature into myofibers (Schultz and McCormick, 1994).  At hatch or birth, 

myofiber number is established, and the subsequent muscle growth only occurs through an 

increase in myofiber size (Stockdale and Holtzer, 1961, Remington et al., 1995), which is 

predominantly dependent on the contribution of new myonuclei to pre-existing myofibers by 

the mitotically active satellite cell population.   Satellite cells are defined as myonuclear 

myogenic stem cells residing between sarcolemma and basal lamina of the myofiber (Mauro, 

1961; Campion, 1984; Yablonka-Reuveni, 1995; Borisov et al., 2005). Pulse labeling with 

bromodeoxyuridine (BrdU) marks only satellite cells in the S-phase of the cell cycle in 

growing skeletal muscles (Schultz, 1996). Satellite cells proliferate, differentiate, fuse with 

existing myofibers, and merge together to form new myofibers (Merly et al., 1998).   In a 

young animal, the satellite cells fuel muscle growth through addition of myonuclei to 

enlarging myofibers. When skeletal muscle growth is completed, however, the actively 

dividing satellite cells enter quiescence (Gibson and Schultz, 1983; Mozdziak et al., 1997; 

Sherwood et al., 2004).   

 Previous research has revealed that the satellite cell mitotic activity is high during the first 

week of life in domestic poultry and then significantly drops with age (Moss et al., 1964; 

Halevy et al., 2000).  The results of Mozdziak et al., 1994 suggest that in avian species, there 
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are two major stages of muscle growth.  During the first nine weeks of age in turkeys, 

myofiber growth occurs via myonuclear accretion orchestrated by satellite cells.  In contrast, 

in turkeys older than nine weeks, myofiber growth occurs through an increase in cytoplasmic 

volume surrounding each myonucleus (Mozdziak et al., 1994).  It has been shown that 

broilers deprived of feed and water immediately post-hatch exhibit decreased satellite cell 

mitotic activity as well as lower body and breast muscle weight at market age compared to 

birds supplemented with feed and water immediately post-hatch (Halevy et al., 2000; 

Mozdziak, et al., 2002b; Halevy et al., 2003).  In contrast to broiler studies, turkeys denied 

feed and water immediately post-hatch did not show significant differences in body and 

muscle weight as compared to a fed group (Halevy et al., 2003).   

 In the poultry industry, newly hatched birds are typically held for 48 to 72 hours before 

placement on feed.  During the holding time, birds are primarily reliant on nutrients derived 

from lipid-rich yolk sac.  Because early supplementation with carbohydrate-rich feed is 

necessary for normal intestinal development, birds denied feed immediately post-hatch have 

compromised metabolic function (Noy and Sklan, 1998; Halevy et al., 2000; Geyra et al., 

2001).  Delayed access to feed results in lower satellite cell proliferation, a high number of 

apoptotic events in the muscle, and depressed growth (Mozdziak et al., 2002a).  

Consequently, early-post hatch nutritional manipulations have a large influence on 

acquisition of new myonuclei and on mature muscle size.  Preliminary data in broilers 

suggested that a lysine-deficient diet immediately post-hatch caused an increase in satellite 

cell mitotic activity in Pectoralis thoracicus muscle in 3-day-old chicks as compared to birds 

fed adequate and excess levels of lysine.  Additionally, chicks denied feed for the first three 
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days post-hatch exhibited significantly lower satellite cell mitotic activity in Pectoralis 

thoracicus muscle as compared to other treatment groups (Pophal et al., 2004).  Lysine is an 

essential amino acid in poultry diets and its supplementation has been correlated with growth 

augmentation (Baker and Han, 1994; Pophal et al., 2004).  Lysine is considered a second or 

third limiting amino acid in typical soybean meal and corn-based diets fed to young turkeys 

(Balloun, 1962; Hurwitz et al., 1983). The objective of the present study was to evaluate the 

effect of early dietary amino acid and crude protein levels on satellite cell mitotic activity, 

body weight, and growth performance in domestic tom turkeys. 

 

3.3 Materials and methods 

3.3.1 Turkeys and diets 

                         Male turkey poults (Meleagris gallopavo) from Nicholas Turkey Breeding Farms, 

Lewisburg, WV, were randomly selected at hatch from a single breeder flock.  After 48 

hours, poults were placed at commercial research facility and assigned to one of four dietary 

treatments (Table 1): 

1. 0.88 NRC: diet formulated at 88% of the values for crude protein (cp), lysine (lys), 

methionine and cysteine (met+cys), and threonine (thr) as specified by the National Research 

Council for male turkeys 0-4 weeks of age (NRC, 1994) (Table 2).   

2. 1.00 NRC: as diet in treatment 1, but formulated at 100% of NRC (1994) values for cp, 

lys, met+cys, and thr.   

3. 1.12 NRC: as diet in treatment 1, but formulated at 112% of NRC (1994) values for cp, 

lys, met+cys, and thr.   
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4.  Feed-deprived: poults held for additional 24 hours before receiving a diet represented by 

treatment 2 above.    

All diets were formulated to meet or exceed all other nutrient requirements for male 

turkeys 0-4 weeks of age (NRC, 1994).  All diets were isocaloric, and contained equal 

amounts of other important nutrients. At 8 days post-hatch, all birds were placed on 1.12 

NRC diet. 

         

3.3.2 Data collection 

                         A total of 340 birds from each experimental group was evenly assigned to 16 different 

pens (64 pens total).   Ten birds per treatment were individually weighed at 2, 3, 4, 5, 8 and, 

11 days post-hatch, followed by intra-abdominal injection with 100 µg/g body weight of a 

thymidine analogue, 5-Bromo-2’-deoxyuridine (BrdU).  Following BrdU injections, birds 

were maintained for one hour to allow for incorporation of BrdU into myonuclei entering the 

S-phase of a cell cycle.  After one hour, the birds were killed by injection with Euthasol® 

(Delmarva Laboratories, Midlothian, VA, USA) at dose of 0.25 mL/kg body weight.  The 

right Pectoralis thoracicus muscle was harvested and weighed immediately after death.  

Muscle was tied at resting length to a wooden stick (Fig. 1) and fixed in Carnoy’s solution 

(60% Ethanol, 30% chloroform, and 10% glacial acetic acid).  The tissues were stored at 

25°C throughout the entire experiment. 

At 14, 28, 42, 56, 84, 112, and 140 days of age, a total weight of all birds per pen 

(n=340) was collected.  On day 140, eviscerated carcass weight (ECW) and Pectoralis 

thoracicus muscle weights were also collected.   
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Table 1.  Basal diet composition in 0.88 NRC, 1.00 NRC, and 1.12 NRC digestible amino 

acid experimental diets. 

  Percentage of diet 
Ingredients 0.88 NRC 1.00 NRC 1.12 NRC
Soybean meal 36.47 38.98 41.23
Corn 26.97 21.74 16.75
Wheat 19.98 19.99 20
Poultry fat 7.49 7.5 7.5
Meat and bone meal 2.5 2.5 2.5
Monocalcium phosphate 2.15 1.75 1.3
Limestone 1.7 1.5 1.3
Poultry meal 1 4.5 8
Betaine (32%) 0.3 0.3 0.3
Sodium sesquicarbonate 0.28 0.13 0.005
Potassium chloride 0.2 0.09 
Choline chloride (70%) 0.17 0.135 0.09
DL-methionine 0.14 0.18 0.22
Trace mineral premix * 0.11 0.11 0.11
Lysine-HCl 0.1 0.08 0.07
 Zn/Mn amino acid complex (4% Zn/ 4% Mn) 0.1 0.1 0.1
Sodium chloride 0.09 0.18 0.24
Vitamin premix * 0.07 0.07 0.07
Copper sulfate pentahydrate 0.05 0.05 0.05
Virginiamycin (2.2%) 0.05 0.05 0.05
Selenium yeast (600ppm Se) 0.025 0.025 0.025
Ascorbic acid 0.025 0.025 0.025
25-Hydroxycholecalciferol (83.3 mg/lb) 0.012 0.012 0.005

Total           100.00  100.00          100.00 
 

* Formulated to provide nutritionally adequate levels of all vitamins and trace minerals as 

specified by National Research Council (1994) for male turkeys 0-4 weeks of age. 
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Table 2.  Calculated crude protein and amino acid composition of 0.88 NRC, 1.00 NRC, and 

1.12 NRC experimental diets. 

 

  

                                                                                 Diets 

 0.88 NRC 1.00 NRC 1.12 NRC 

AMINO ACID % of diet 

Crude Protein 23.56 26.71 29.78 

Lys 1.41 1.60 1.79 

Thr 0.89 1.01 1.13 

Met 0.50 0.59 0.69 

Cys 0.42 0.46 0.49 



   

 

 

 

Figure 1.  Pectoralis thoracicus muscle tied at resting length to wooden sticks.
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3.3.3 Immunohistochemistry 

                          Carnoy-fixed tissues were dehydrated, cleared, and embedded in paraffin containing DMSO 

(Catalog # 23-021-400, Fisher Scientific, Hampton, NH, USA). The tissues were subsequently cut on 

a microtome into 10µm thick transverse sections and adhered to positively charged glass slides.  The 

sections were cleared with xylene and hydrated by performing ethanol washes.  The DNA was 

denatured by treating the slides with 0.07N NaOH for three minutes followed by base neutralization 

in IX PBS buffer (pH 7.4).   Subsequently, the glass slides were incubated for two hours at 25ºC in 

primary mouse anti-BrdU monoclonal antibody (Becton Dickinson, Mountain View, CA, USA) 

diluted 1:20 in PBS containing 0.5% Tween-20 and 0.5% Bovine Serum Albumin (BSA).  The tissues 

were rinsed with PBS and blocked with PBS containing 10% Goat Serum and 0.5% Tween for 15 

minutes to minimize nonspecific binding of secondary antibody.  Following the blocking step, the 

primary antibody was detected with goat-anti-mouse IgG secondary antibody conjugated to 

fluorescein-isothiocyanate (FITC, ICN Biomedicals Inc, Irvine, CA) that was diluted 1:50 with PBS 

containing 10% Goat Serum and 0.5% Tween.  The sections were incubated in secondary antibody 

for two hours in a humidified chamber at 25ºC in the dark (Fig 2).  All nuclei were stained with 

propidium iodide (50µg per mL/PBS) for 20 minutes in darkness (Fig 2.).  To allow for visualization 

of cell membrane of the myofiber, a serial set of freshly cut sections was incubated for 1 hour in the 

dark with10µg/mol of Wheat Germ Agglutinin (WGA) diluted in PBS (Muroya et al, 1994) (Fig. 2).  

 Lastly, the sections were covered by a mounting media [75% (vol/vol) glycerol, 75mM KCl, 10mM 

tris(hydroxymethyl)aminomethane, 2mM MgCl2, 2mM ethylene glycol-bis(β-aminoethyl ether)-N,N, 

N’, N’-tetraacetic acid, 1mM NaN3, pH 8.5, 1 mg/mL p-phenylenediamine], and a cover slip was 

mounted to the slides using clear nail polish (Wet N Wild). 

 

 



   

a. 

 

b. 

 

c. 

 

Figure 2. Microscopic images representing Pectoralis thoracicus muscle sections labeled 

with a. BrdU, b. PI, c. WGA. 
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3.3.4 Image analysis 

                       Pectoralis thoracicus muscle sections were examined using Leica DMR microscope 

(Leica Microsystems, Bannockburn, IL, USA) equipped with epi-fluorescence illumination. 

A propidium iodide (PI) filter set was used to observe all nuclei present in the muscle section 

(Omega Optical, Brattleboro VT).  The nuclei entering the S-phase of the cell cycle, stained 

with fluorescein, were visualized using a fluorescein isothiocyanate filter set (Omega 

Optical, Brattleboro, VT).  The muscle sections stained with WGA were observed using a 

Texas Red™ filter set (Omega Optical, Brattleboro, VT).  A Retiga 4000R Fast camera was 

used to capture the images of the analyzed tissues (Q Imaging, Canada). The PI and FITC 

nuclei counts and myofiber diameters were quantified using Image-Pro Plus software (Media 

Cybernetics, Version 6, 2006).     The index of FITC stained nuclei relative to PI stained 

nuclei in 3mm2 area of each muscle section was used to determine satellite cell mitotic 

activity.  A minimum of 100 fiber diameters per muscle sample were measured to determine 

myofiber growth over time. 

 

3.3.5 Statistics 

                     The General Linear Models (GLM) procedure of SAS (SAS Institute, 1985) was utilized 

to analyze the effect of the four dietary treatments (0.88 NRC, 1.00 NRC, 1.12 NRC, and 

feed-deprived) on satellite cell mitotic activity (SCMA), Pectoralis thoracicus muscle 

weight, body weight, muscle weight to body weight ratio, and myofiber diameter in turkeys. 

At 2, 3, 4, 5, 8, and 11 days of age, a bird was considered an experimental unit.  However, at 
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14, 28, 42, 56, 84, 112, and 140 days of age, a total weight of all birds per pen was collected 

and an average bird weight per pen was used for statistical analysis.  A two-way analysis of 

variance (ANOVA) was performed to determine the effect of treatment and time on each 

parameter.  Means of each parameter were separated using Fisher’s least significant 

differences test.  Values were accepted as statistically significant at P<0.05. 

 

3.4 Results 

 

3.4.1 Growth 

                      At 3 days post-hatch, the ratio of Pectoralis thoracicus muscle weight to body weight was 

significantly higher (P<0.05) in the feed-deprived group as compared to the other treatment 

groups. On day 4 post-hatch, all groups had the same (P>0.05) muscle weight to body weight 

ratio (Fig. 1).  On the fifth day post-hatch, the feed-deprived group exhibited the lowest 

(P<0.05) Pectoralis thoracicus muscle weight to body weight ratio as compared to the other 

treatments.   There was a significant increase (P<0.05) in Pectoralis thoracicus muscle 

weight to body weight ratio between 5 and 8 days post-hatch (Fig. 3).  Additionally, at 8 days 

post-hatch, birds fed the 1.00 NRC amino acid diet showed significantly higher (P<0.05) 

Pectoralis thoracicus muscle weight to body weight ratio as compared to other treatment 

groups.   

 

                     The feed-deprived birds exhibited a significantly lower (P<0.05) body weight on days 3 

and 4 post-hatch than all other treatment groups (Table 3).  At 5 days post-hatch, the feed-
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deprived group had the same (P>0.05) mean muscle weight as 0.88 NRC and 1.12 NRC 

birds. The mean muscle weight was the highest in 1.00 NRC group on day 5 post-hatch (Fig 

4).  Fiber diameter data did not reveal any significant differences (P>0.05) between 

treatments from 3 to 5 days post-hatch (Fig 5).   On day 8, 1.00 NRC and 1.12 NRC 

treatment groups had the same (P>0.05) mean Pectoralis thoracicus muscle weight.  All 

treatment groups displayed a significant increase (P<0.05) in muscle weights between 5 and 

8 days post-hatch.   Furthermore, the mean body weights at 14, 28, 42, 56, 84, 112, and 140 

days of age did not show any significant differences (P>0.05) within treatment groups.  At 

140 days of age, there were no treatment related differences in eviscerated carcass weight 

and in Pectoralis thoracicus weights (Table 4). 

 

3.4.2 Satellite cell mitotic activity  

 

                             Satellite cell mitotic activity (SCMA) was significantly higher (P<0.05) in 0.88 NRC 

amino acid treatment group 3 days post-hatch compared to other treatment groups (Fig 6).  

On day 4, SCMA in birds fed 0.88 NRC amino acid diet was the same (P>0.05) as that in 

birds on 1.00 NRC amino acid diet.  Feed-deprived group had significantly lower (P<0.05) 

SCMA on day 4 and 5 than the rest of treatment groups.   SCMA increased through 5 days 

post-hatch in all treatment groups.  A significant rise (P<0.05) in SCMA was observed 

between day 5 and day 8 post-hatch. 
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Table 31. Treatment effect on body weight (BW) and Pectoralis thoracicus weight (PTW) of turkeys 

fed differing levels of crude protein and amino acids at 3, 4, 5, 8, and 11 days of age. 

   Diets2      

  0.88 NRC 1.00 NRC 1.12 NRC Feed-deprived 

BW 3d3,4 74.39±2.09a 72.90±3.23a 74.32±1.99a 63.00±1.70b 

PTW 3d5 0.59±0.03 0.62±0.04 0.59±0.03 0.61±0.04 

BW 4d3,4 82.94±2.52ab 86.79±2.34a 87.20±2.51a 77.41±1.82b 

PTW 4d3,5 0.82±0.04a 0.83±0.03a 0.91±0.05a 0.70±0.03b 

BW 5d4 96.74±3.02 102.48±3.03 101.58±3.77 91.2±1.90 

PTW 5d3,5 1.04±0.06b 1.23±0.07a 1.13±0.08b 1.0±0.05b 

BW 8d3,4 146.93±3.78bc 155.11±3.93a 150.14±5.47ab 144.11±4.13c 

PTW 8d3,5 3.17±0.18b 3.72±0.18a 3.22±0.28a 2.85±0.13b 

BW 11d3,4 195.01±6.52b 216.78±8.65a 217.69±5.41a 218.61±7.34a 

PTW 11d5 5.92±0.23 6.96±0.43 6.21±0.33 6.47±0.33 

 

1Values correspond to means ±SE. 2Four dietary treatments correspond to 0.88 NRC, 1.00 NRC, 

1.12 NRC crude protein and amino acids, and feed-deprived treatment group. 3Mean values with 

different superscript letters are significantly different at a particular age (P<0.05). 4Body weight (BW) 

in grams of 3, 4, 5, 8, and 11 day old turkeys, respectively. 5Pectoralis thoracicus weight (PTW) in 

grams of 3, 4, 5, 8, and 11day old turkeys, respectively.  
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Table 41. Eviscerated carcass weight (ECW3) and Pectoralis thoracicus muscle weight (PWT4) at 140 

days.  

 

   Diets2      

  0.88 NRC 1.00 NRC 1.12 NRC Feed-deprived 

ECW3 15.44±0.14 15.69±0.14 15.79±0.14 15.36±0.14 

PTW4 4.59±0.06 4.65±0.06 4.7±0.06 4.53-±0.06 

PTW:ECW5 29.72±0.24 29.63±0.23 29.76±0.25 28.47±0.25 

 

1Values correspond to means ±SE.  2Four dietary treatments correspond to 0.88 NRC, 1.00 NRC, 

1.12 NRC crude protein and amino acids, and feed-deprived treatment group. 3Eviscerated carcass 

weight (ECW) in kilograms.  4Pectoralis thoracicus muscle weight (PTW) in kilograms.  5 Percent 

Pectoralis thoracicus weight and eviscerated carcass weight ratio.  None of the values are statistically 

significant (P>0.05). 
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 Figure 3. % Pectoralis thoracicus muscle weight to body weight ratio in 3, 4, 5, 8, and 11 

day old turkeys from four different dietary treatments (0.88 NRC, 1.00 NRC, 1.12 NRC 

crude protein and amino acids, and feed-deprived group).  Values correspond to means ±SE.  

Mean values with different superscript letters are significantly different (P<0.05) 
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Figure 4. Pectoralis thoracicus muscle weight in grams in 3, 4, 5, 8, and 11 days old turkeys 

from four different dietary treatments (0.88 NRC, 1.00 NRC, 1.12 NRC crude protein and 

amino acids, and feed-deprived group). Values correspond to means ±SE. Values marked 

with asterisk were significantly different for a given age (P<0.05). 
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Figure 5.  Mean myofiber diameters (µm) in 3, 4, and 5 days old turkeys from four different 

dietary treatments (0.88 NRC, 1.00 NRC, 1.12 NRC crude protein and amino acids, and feed-

deprived group).  Values represent means ±SE (n=100).  Values were not statistically 

different for day versus treatment effects (P>0.05). 
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Figure 6. Satellite cell mitotic activity (SCMA). Values  expressed as % ratio of anti-BrdU –

fluorescein isothiocyanate (FITC) labeled nuclei to propidium iodide (PI) labeled nuclei in 

3mm2 area of 10µm thick Pectoralis thoracicus muscle section in 3, 4, 5, 8, and 11 day old 

turkeys.  Each bar represents a different dietary treatment (0.88 NRC, 1.00 NRC, 1.12 NRC 

crude protein and amino acids, and feed-deprived group). Values correspond to means ±SE.  

Mean values with different superscripts are significantly different (P<0.05). 
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3.5 Discussion 

        During early-post hatch period, young poults are exposed to a number of physiological 

stressors.  Recent study performed by Uni and Ferket (2004) has demonstrated that the 

energy required for emerging from the shell is primarily derived from glycogen stores.  

Consequently, a newly hatched bird is glycogen deficient   (John et al., 1987, 1988, Uni and 

Ferket, 2004).  Since all metabolic requirements are not satisfied by nutrients derived from 

the yolk, it is important that young birds are provided with carbohydrate-rich exogenous feed 

immediately after hatching (Noy and Sklan, 1998). Under commercial conditions, young 

poults are held without access to exogenous feed and water for up to 72 hours post-hatch as 

poults are removed from incubators, sexed, vaccinated, and transported to the farm.  During 

this period of feed deprivation, poults have to rely on a nutrient-depleted yolk sac.  

Consequently, poults experience considerable negative energy balance, which results in 

compromised gastrointestinal development and function (Geyra et al., 2001).  It has been 

demonstrated that poults and chicks exposed to early post-hatch feed deprivation exhibit 

decreased body weight and increased mortality rate (Pinchasov and Noy, 1993; Halevy et al., 

2000).  Studies performed on young chicks have also shown that delayed placement on feed 

results in a decline of protein deposition in breast muscle, which has a detrimental effect on 

muscle growth (Vieira and Moran, 1999). Recent studies on the effect of early nutrition on 

muscle growth have demonstrated that diet type and length of feed deprivation have a direct 

effect on satellite cell activity in young chicks (Halevy et al., 2000; Pophal et al., 2004).  

SCMA is the highest during the early post-hatch period and decreases as a bird develops 

(Mozdziak et al., 1994). In the present study, SCMA increased in all treatment groups until 5 
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days post-hatch.  On day 8 post-hatch, the SCMA was significantly lower (P<0.05) in all 

treatment groups than at 5 days post-hatch.  Along with the decrease of SCMA, a significant 

increase in percent Pectoralis thoracicus muscle weight to body weight ratio was observed 8 

days post-hatch.  Therefore, during first week post-hatch, skeletal muscle growth is 

predominantly governed by satellite cell regulated myonuclear accretion (Allen et al., 1979; 

Remington et al., 1995).  However, at 8 days post-hatch, satellite cell mitotic activity 

declines and skeletal muscle growth occurs mostly through an increase of cytoplasmic 

volume surrounding each myonucleus (Mozdziak et al., 1994; Allen et al., 1999; Mozdziak et 

al., 2002b; Rosser et al., 2002). Consequently, nutritional stimulation of satellite cell activity 

and consequent myonuclear accretion in an early-post hatch bird may be imperative in 

improving skeletal muscle yield at 140 days of age (Mozdziak et al., 1997). 

    

The focus of the present study was to evaluate the effect of early post-hatch feed 

deprivation and diets formulated with three different levels of crude protein and amino acids 

(0.88 NRC, 1.00 NRC, and 1.12 NRC) on satellite cell mitotic activity and its subsequent 

effect on Pectoralis thoracicus muscle development in male turkeys.  Concurrent with results 

of the study on the effect of lysine on satellite cell dynamics in chickens performed by 

Pophal et al. (2004), turkeys provided with a diet slightly deficient in amino acids (0.88 

NRC) exhibited significantly higher SCMA at 3 days post-hatch as compared to feed-

deprived, 1.00 NRC, and 1.12 NRC treatment groups.  Additionally, feed-deprived birds 

exhibited significantly lower body weight than other treatment groups three days post-hatch. 

Major organ development occurs during the first week post-hatch in a turkey (Lilburn, 1998).        



   

 
   
68

Previous studies focusing on digestive processes in turkeys have revealed that pancreatic 

enzymes such as trypsin, protease, and lipase are not fully active during the first two weeks 

of life (Krogdahl and Sell, 1989).  Moreover, the gastrointestinal tract is not completely 

developed in early post-hatch birds (Geyra et al., 2001).  Therefore, it is likely that 3-day-old 

birds are not able to completely utilize all of the nutrients recommended by the National 

Research Council (NRC, 1994).    Due to early post-hatch servicing requirements, in the 

present study, turkeys were placed on feed 2 days post-hatch.  Delayed access to feed results 

in retarded development and smaller number of jejunal and duodenal crypts, which decreases 

the digestive capacity of the small intestine (Geyra et al., 2001).  On day 3 post-hatch, both 

feed-deprived and 1.12 NRC treatment groups exhibited significantly lower SCMA than 0.88 

NRC and 1.00 NRC treatment groups suggesting that not only feed deprivation, but also 

excess amino acid supplementation can negatively affect SCMA early post-hatch.  Excess 

dietary amino acids have been shown to result in decreased nutrient metabolism and impaired 

muscle growth in chicks (Waldroup et al., 1976).  Since SCMA was the highest in the 3-day 

old birds fed a slightly deficient amino acid diet as compared to the other treatment groups, 

reduced amino acid diets may be optimal to maintain metabolic function in early post-hatch 

poultry.  Although SCMA was highest in turkeys fed the 0.88 NRC diet on day 3 post-hatch, 

on day 4 post-hatch the group receiving the 1.00 NRC diet showed the same SCMA as the 

0.88 NRC group.  Furthermore, on day 5 post-hatch, birds fed 1.12 NRC diet showed the 

same SCMA in their Pectoralis thoracicus muscle as the group fed 1.00 NRC diet.   

In the present study, the total metabolizable energy content of each starter diet was 

maintained at equivalency.   Therefore, birds receiving an inadequate amino acid diet were 
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provided with higher amounts of carbohydrates then the rest of treatment groups and the 

birds provided with excess amino acid diet were provided with the lowest amount of 

carbohydrates.  While the levels of carbohydrates and protein fluctuated in each treatment 

group, the dietary fat levels were maintained relatively constant.  Due to holding time 

required for early post-hatch servicing, the carbohydrate reserves in the body tissues become 

depleted.  As a result, a young bird relies on gluconeogenesis as a main source of plasma 

glucose (Donaldson and Christensen, 1994).  It has been demonstrated that birds 

supplemented with dietary carbohydrates early post-hatch had a lower level of glucose 6-

phosphatase activity than birds denied feed.  Moreover, as the intake of dietary carbohydrates 

increased, there was a graded decrease in glucose 6-phosphatase activity (Donaldson and 

Christensen, 1991).  Consequently, different levels of dietary protein/amino acids and 

carbohydrate may alter metabolic processes and growth in young turkeys.    As the 

gastrointestinal tract matures, it is possible that different levels of dietary amino acids and 

carbohydrates are required to maintain optimal SCMA.  Therefore, early post-hatch amino 

acid and carbohydrate titration feeding trials using satellite cell activity as a measure of 

nutrient effectiveness may be beneficial in obtaining maximum muscle yield in commercial 

turkeys.  

 

        Previous experiments focusing on muscle growth in avian species have revealed age-

related decrease in SCMA (Mozdziak et al., 1994) with SCMA being high in early post-hatch 

birds, and dropping to low levels at approximately 9 weeks of age.  Furthermore, suppression 

of satellite cell activity by irradiation or decreased functional activity in young birds and 
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mammals had a negative effect on myofiber diameter and muscle weight (Mozdziak et al., 

1997). Inhibition of SCMA during early stages of growth prevented the muscle from 

achieving its mature size in adult animals (Mozdziak et al., 1997; Mozdziak et al., 2001).    

 

      Early stimulation of SCMA has been demonstrated to determine mature muscle size and 

body weight in broilers (Halevy et al., 2000).  In this study, chicks provided with feed 

immediately post-hatch exhibited significantly higher SCMA in their breast muscle 

compared to chicks feed-deprived for the first two days post-hatch.  Furthermore, chicks 

denied feed for the first two days post-hatch exhibited substantially lower breast muscle and 

body weights at market age than chicks that were given access to feed immediately post-

hatch.  In contrast to previous chicken studies, in the current experiment, early feed 

deprivation and an amino acid-deficient diet failed to alter mature Pectoralis thoracicus 

muscle size in turkeys. A similar study focusing on early post-hatch feed deprivation was 

performed on turkey poults, showing that early post-hatch feed deprivation resulted in a 

reduced SCMA immediately post-hatch, and reduced muscle and body weight later in life 

(Halevy et al., 2003). While early access to feed had a stimulatory effect on SCMA in both 

chicks and poults, the early post-hatch feeding had a long-term stimulatory effect on body 

weight and breast muscle performance in chicks, but not in poults (Halevy et al., 2000; 

2003). The SCMA in fed poults was much higher on the fourth day of age than in feed-

deprived poults.  Additionally, the body and muscle weights were significantly higher in the 

fed group compared to the feed-deprived group during the first 10 days of life. Feed-deprived 

and fed birds showed no significant differences in body and muscle weights after 10 days of 
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age (Halevy et al., 2003).  In the current study, the SCMA on the fourth day post-hatch was 

also significantly lower in the fasted group as compared to the rest of the treatment groups.  

Similar to the study performed by Halevy et al. (2003), the Pectoralis thoracicus weight was 

also lower in the feed-deprived group than in the rest of the treatment groups on the fourth 

day post-hatch, but there was no difference in meat yield at 140 days of age. 

   Noy and Sklan (1999) have reported that poults subjected to early post-hatch feed 

deprivation exhibited a significant reduction in body weight and muscle yield at market age. 

In contrast, the treatment groups evaluated in the present study did not show any significant 

differences in body weights between 14 and 140 days of age. Furthermore, the present study 

did not reveal any treatment-related differences in Pectoralis thoracicus muscle weights at 

140 days of age.  The major difference between the present study and the experiment 

performed by Noy and Sklan (1999) is the time birds were placed on feed.  Since the present 

study was performed under commercial conditions, due to time required for pre-placement 

processing and transportation of a large number of birds, the poults provided with 0.88 NRC, 

1.00 NRC, and 1.12 NRC amino acid levels were placed on feed and water approximately 48 

hours post-hatch.  The last group of birds was feed-deprived for an additional 24 hours and 

then placed on 1.00 NRC diet.  In contrast, Noy and Sklan (1999) provided one treatment 

group with feed immediately post-hatch while another group was denied feed and water for 

the first 48 hours of life.    Although birds denied feed for 72 hours post-hatch exhibited 

significantly lower SCMA four days post-hatch than birds placed on feed 48 hours post-

hatch, birds denied feed for 72 hours showed compensatory response in SCMA at 5 days 

post-hatch.  Delayed placement on feed negatively affects SCMA, preventing expression of 
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full genetic potential for muscle growth (Halevy et al., 2000; Mozdziak et al., 2002b).  

However, it appears that an additional 24 hours of feed deprivation does not have a further 

negative effect on body and muscle growth in turkeys. 

        A number of biochemical factors have an effect on satellite cell proliferation and 

differentiation early post-hatch.   A decline in insulin-like growth factor I (IGF-I) has been 

associated with muscle protein loss during a period of starvation (O’Sullivan et al., 1989). 

IGF-I is a key growth factor contributing to muscle growth and hypertrophy through its 

impact on SCMA (Adams and McCue, 1998; Adams et al., 1999; Barton-Davis et al., 1999).  

Halevy et al., 2003 suggested that early nutritional status of a turkey influences local release 

of IGF-I into the skeletal muscle.  Turkeys exposed to feed immediately post-hatch exhibited 

a notable increase of IGF-I levels in the skeletal muscle (Halevy et al., 2003).  The increase 

of IGF-I levels in the muscle has been correlated with a significant rise in proliferation and 

differentiation of satellite cells in poults provided with feed immediately post-hatch (Halevy 

et al., 2003).  However, the IGF-I levels and SCMA was considerably lower in skeletal 

muscle of poults that were denied access to feed immediately post-hatch (Halevy et al., 

2003).  Therefore, immediate post-hatch feeding of poults has a crucial effect on satellite cell 

survival and mitotic activity through growth factors such as IGF-I. 

 Treatment with growth hormones and growth factors such as IGF-I have also been shown to 

decrease the myonuclear loss and the number of apoptotic myonuclei in animals subjected to 

hindlimb unloading (Edgerton et al., 2002).  Therefore, it appears that skeletal muscle growth 

is not only governed by SCMA, but also by more complex processes such as apoptosis.  

Myonuclear apoptosis results in elimination of myonuclei that are no longer needed because 
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of a decline in myofiber size (Allen et al., 1997).  A recent study performed by Mozdziak et 

al., (2002a) suggests that early post-hatch feed deprivation results in smaller myofiber cross 

sectional area and elevated number of apoptotic myonuclei in skeletal muscle in chicks. The 

apoptotic pathway becomes upregulated in skeletal muscle of a starved chicken as early as 1-

day post hatch (Pophal et al., 2003).  In the present study, as poults were feed-deprived for 

either 48 or 72 hours post-hatch, the loss of myonuclei via the apoptotic pathway was already 

initiated. Perhaps the myonuclei lost during the period of feed deprivation were never 

regained after receipt of feed.  Loss of myonuclei during early post-hatch period causes 

reduction in myonuclear accretion and prevents achievement of maximal muscle size at 140 

days. 

In conclusion, the current study suggests that early post-hatch nutritional 

manipulation transiently influences SCMA in amino acid deficient poults, but does not have 

a permanent beneficial effect on Pectoralis thoracicus muscle weight. Moreover, there was 

no difference in body weight and Pectoralis thoracicus size between feed-deprived, 0.88 

NRC, 1.00 NRC, and 1.12 NRC amino acid treatment groups at 140 days of age.  In contrast, 

chicks that were denied feed early post-hatch exhibited significantly lower body and 

Pectoralis thoracicus muscle weight later in life as compared to chicks provided with feed 

immediately post-hatch (Halevy et al., 2000).  Therefore, it appears there are more complex 

processes regulating muscle growth and development independent of SCMA.  Based on the 

results of the current study, it is possible that feed-deprived turkey poults exhibit lower 

myonuclear loss than starved chicks.  Furthermore, it is also possible that amino acid 

deficiency stimulates more apoptotic events in poults than chicks.  Further experiments 
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evaluating species-related differences in apoptotic events and in genes regulating cell 

proliferation may be necessary to devise early post-natal feeding strategies for optimal 

Pectoralis thoracicus muscle yield in turkeys. 
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4. Summary  

Satellite cells are defined as mononuclear myogenic stem cells residing between 

sarcolemma and basal lamina of the myofiber (Mauro, 1961; Campion, 1984; Yablonka-

Reuveni, 1995; Borisov et al., 2005).  Satellite cells come to live during the final stage of 

myogenesis and initially appear in the limbs of an embryo (Seale et al., 2001).   During post-

hatch and post-natal muscle development, satellite cells continue to proliferate to fuel muscle 

growth by donating myonuclei to enlarging myofibers.  However, in mature non-growing 

muscle, satellite cells are in a state of quiescence (Gibson et al., 1983; Mozdziak et al., 1997; 

Sherwood et al., 2004).  

Myogenic satellite cells not only play an important role in post-hatch and post-natal   

skeletal muscle development, but they also contribute to muscle regeneration.  Satellite cells 

constitute a reserve of stem cells for regeneration of skeletal muscle. The satellite cells have 

been shown to readily respond to regenerative signals such as exercise or injury by 

proliferating into myoblasts (Wagers and Conboy, 2005).      

Research concentrating on muscle development in poultry has shown that satellite 

cell mitotic activity decreases with age (Mozdziak et al., 1994).    Because satellite cell 

activity peaks during early stages of muscle growth, stimulation of physiological and 

biochemical factors influencing satellite cell proliferation by dietary treatments immediately 

post-hatch may improve muscle growth and meat quality (Mozdziak et al., 1997; 2000; 

Dangott et al., 2000; Pophal et al., 2004).  It has been previously shown that the level of 
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satellite cell mitotic activity in early post-hatch chickens can be affected by treatment with 

different amounts of dietary lysine (Pophal, et al., 2004). 

 The objective of the present study was to assess the effect of early dietary amino acid and 

crude protein levels on satellite cell mitotic activity, Pectoralis thoracicus muscle yield, and 

body weight in commercially grown turkey males. Since pulse labeling with 

bromodeoxyuridine (BrdU) marks only satellite cells in the S-phase of the cell cycle in 

growing skeletal muscles (Schultz, 1996), birds from each treatment were injected with 5-

bromo-2’-deoxyuridine (BrdU) to label mitotically active cells.    

The results of the current study have indicated that early post-hatch nutritional 

manipulations transiently influence satellite cell mitotic activity in poults fed low amino acid 

diet, but does not have a permanent beneficial effect on Pectoralis thoracicus muscle yield 

and body weight. Furthermore, no significant changes were observed in body weight and 

Pectoralis thoracicus yield between treatment groups at market age (140 days).   

Consequently, further analysis involving early titration feeding trials using satellite cell 

activity as a measure of nutrient effectiveness may be advantageous in attaining optimal 

Pectoralis thoracicus muscle yield in commercial turkeys.  

 While early dietary stimulations did not cause any differences in performance in 

turkeys, chicks that were denied feed early post-hatch exhibited significantly lower body and 

Pectoralis thoracicus muscle weight later in life as compared to chicks provided with feed 

immediately post-hatch (Halevy et al., 2000).  Consequently, this data suggests that aside 

from satellite cell mitotic activity, there are other biochemical factors influencing muscle 

development.  The differential response between species may be an important area that can 
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be explored to acquire information that may lead to precision feeding strategies aimed at 

maximizing breast meat yield.  The principal hypothesis concerning the differential response 

between species to early dietary manipulations is that there are species-related differences in 

myonuclear apoptosis.  Future studies focusing on species-related variations in apoptotic 

events and in genes regulating cell proliferation and differentiation will be necessary to 

obtain maximal muscle yield in commercial poultry. 
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