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Abstract

Purpose of review—This review reports recent findings on the multiple factors that regulate

skeletal muscle growth in neonates.

Recent findings—Skeletal muscle is the fastest growing protein mass in neonates. The high rate

of neonatal muscle growth is due to accelerated rates of protein synthesis accompanied by the

rapid accumulation of muscle nuclei. Feeding profoundly stimulates muscle protein synthesis in

neonates and the response decreases with age. The feeding-induced stimulation of muscle protein

synthesis is modulated by enhanced sensitivity to the postprandial rise in insulin and amino acids.

Insulin and amino acid signaling components have been identified that are involved in the feeding-

induced stimulation of protein synthesis in neonatal muscle. The enhanced activation of these

signaling components in skeletal muscle of the neonate contributes to the high rate of muscle

protein synthesis and rapid gain in muscle protein mass in neonates.

Summary—Recent findings suggest that the immature muscle has a heightened capacity to

activate signaling cascades that promote translation initiation in response to the postprandial rise

in insulin and amino acids thereby enabling their efficient utilization for muscle growth. This

capacity is further supported by enhanced satellite cell proliferation, but how these two processes

are linked remains to be established.
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Introduction

In this review, we address our current understanding of the regulation of skeletal muscle

growth in the neonatal period. The regulation of skeletal muscle growth is dependent on the

stage of muscle development and birth, which defines the start of the neonatal period and

occurs at different stages of development among species. It is important when evaluating

processes that occur in the ‘neonatal’ period, therefore, that consideration is given to the

species and developmental stage from which the data are derived. Humans present a special

case because, with the advances in the clinical management of premature babies, the

neonatal period can cover a wide range of developmental stages. We define the close of the

‘neonatal’ period as the stage when animals no longer depend on their caretakers for their

nutrition, which for most species is by definition at weaning. This stage is coincident with

the attainment of full biochemical and functional maturity of the skeletal muscle, which

enables the organism to breathe, eat, and move, which are prerequisite functions for

independent survival.
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Given the aforementioned restrictions, we will address the period of development from

when the skeletal muscle fibers are fully differentiated, fiber formation is established, and

growth represents the hypertrophy of these fibers. Concurrently, there is maturation of the

muscles' composition and structures that result in the attainment of functional maturity. The

extent to which factors that influence fiber hypertrophy also affect maturation depends on an

interaction between the muscles' stage of development and the underlying cause and severity

of the growth deviation. Our early work [1] demonstrated that although muscle growth rate

is highly sensitive to variations in overall nutrient intake in the neonatal rat, maturation is

minimally altered. Thus, we will limit the review to the processes that drive hypertrophy,

that is, protein accretion and myonuclear proliferation.

Regulation of neonatal muscle growth by protein synthesis

The rate of growth during the neonatal period is higher than at any other stage of postnatal

life, and a majority of the mass increase is comprised of skeletal muscle. The more rapid

accretion of muscle proteins than other tissue proteins results in a substantial increase in the

proportion of the body protein pool that is muscle protein. For example, in the rodent, the

amount of muscle protein relative to body protein increases from approximately 30% in the

newborn to approximately 45% at weaning (Fig. 1a, [2,3]). The fractional rate of muscle

growth, that is, the amount of muscle weight gained in relation to the existing muscle mass,

however, decreases profoundly during the neonatal period (Fig. 1b).

Growth occurs when the rate of protein synthesis is higher than that of protein degradation.

The fractional synthesis rate of skeletal muscle proteins in newly formed muscles is

substantially higher than their degradation rates resulting in the high accretion rates typical

of the neonatal period. With maturation, synthesis rates decrease more than degradation

rates until the two processes are in balance in adult nongrowing muscles (Fig. 1b). Thus, the

high growth rate of neonatal muscle is attributable to the high rate of protein synthesis [2,3].

The maximal rate of protein synthesis is dictated by the abundance of ribosomes in a tissue

and the efficiency with which they translate mRNA into protein. The elevated capacity for

protein synthesis in immature muscle and its overall decline with development are in part

driven by an elevated concentration of ribosomes at birth which decreases as the muscle

matures [3,4].

Feeding stimulates protein synthesis in neonatal muscle

Because ethical considerations preclude the measurement of tissue protein synthesis in the

human infant, the neonatal pig has been used as an animal model because of its similarity in

anatomy, developmental physiology, and metabolism. Although rodents have been used

extensively to study muscle growth mechanisms, their small size limits the types of

nutritional studies that can be performed during the neonatal period. Thus, using the pig as

an animal model, we determined that a heightened responsiveness of skeletal muscle protein

synthesis to feeding during the neonatal period enables dietary amino acids to be used for

growth with exceedingly high efficiency [5]. Although feeding stimulates protein synthesis

in all tissues of the neonate, the magnitude of the increase is highest for skeletal muscle, a

response that diminishes with development. These findings in the neonatal pig are consistent

with the ability of feeding to stimulate protein synthesis in the whole body of newborn

humans [6], but not in the whole body or skeletal muscle of adults [7].
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Insulin, amino acids, and glucose mediate the feeding-induced stimulation

of muscle protein synthesis in neonates

Circulating concentrations of insulin, amino acids, and glucose rise after a meal and each

play a role in mediating the postprandial stimulation of protein synthesis in skeletal muscle

of the neonate. Studies performed in vitro [8] and in growing animals in vivo show that

insulin stimulates protein synthesis in both skeletal muscle and whole body [9–11].

Although insulin infusion in extremely low-birth-weight infants did not stimulate whole-

body protein synthesis [12], the response of skeletal muscle specifically was not determined,

and it is possible that the insulin-stimulated reduction in circulating amino acid levels

limited insulin-stimulated protein synthesis. By contrast, most [13,14], but not all [15],

studies in adults have shown that insulin does not stimulate muscle protein synthesis, even

when basal amino acids are maintained. This suggests that the ability of muscle protein

synthesis to respond to insulin is age dependent. On the contrary, amino acids, either alone

or concurrent with insulin, can upregulate protein synthesis in skeletal muscle throughout

the lifespan [16,17].

Studies [4,18,19] using the pancreatic glucose–amino acid clamp technique in neonatal pigs

have showed that increasing insulin from the fasting to the fed level stimulates protein

synthesis in a dose–response manner in neonatal pigs, even when amino acids are at or

below fasting levels. This response to insulin is specific to skeletal muscle [20•] and

declines with development [21] in parallel with the decrease in the response of muscle

protein synthesis to feeding [5]. Raising amino acids to fed levels, in the presence of fasting

or below fasting insulin levels, will increase protein synthesis in most tissues; however, the

highest response occurs in skeletal muscle [21,22]. The postprandial rise in glucose,

independent of insulin, also contributes to the feeding-induced stimulation of protein

synthesis, albeit modestly, and the response is unique to skeletal muscle [23•]. This ability

of skeletal muscle in neonates to respond separately to the rise in insulin, amino acids, and

glucose after a meal likely contributes to the more rapid gain in protein mass in skeletal

muscle, as compared with other tissues of the body of neonates.

Insulin and amino acid signaling pathways are upregulated in neonatal

muscle

The major steps of the insulin signaling cascade have been reviewed elsewhere [24–26] and

are summarized in Fig. 2. Our studies [27–31] have shown that the high rate of protein

synthesis in neonatal muscle is in part due to enhanced activation of the insulin signaling

cascade, including the insulin receptor, insulin receptor substrate (IRS)-1/2,

phosphatidylinositol 3-kinase (PI3K), phosphoinositide-dependent kinase 1 (PDK-1), and

protein kinase B (PKB or Akt). Variations in insulin, but not amino acids, within the

physiological range increase the activation of insulin signaling proteins in a dose-dependent

manner [29]. Reduced activation of negative regulators of insulin signaling also contributes

to the high rate of neonatal muscle protein synthesis [31,32]. These include protein tyrosine

phosphatase 1B (PTP-1B), phosphatase and tensin homologue deleted on chromosome 10

(PTEN), and protein phosphatase 2A (PP2A). The action of AMP-activated protein kinase

(AMPK) is unaffected.

The amino acid signaling pathway that promotes translation initiation is less well understood

than that of insulin. Intracellular amino acids may directly affect signaling components that

stimulate protein synthesis [33,34]. Amino acid-induced signaling converts Rheb–guanosine

diphosphate (GDP) to Rheb–guanosine tri-phosphate (GTP) [35••] and the association

between Rheb and the mammalian target of rapamycin (mTOR) to promote mTOR
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activation [36]. Tuberous sclerosis complex 1 and 2 (TSC1/2) inhibit mTOR activation by

promoting Rheb–GTP hydrolysis, converting it to an inactive state, but whether amino acid

stimulation of mTOR involves TSC1/2 remains controversial [34,37].

Most studies that examined the regulation of amino acid signaling have been performed in

cell culture, and there have been few studies in intact animals under physiologically relevant

conditions. Recently, we demonstrated that the high rate of protein synthesis in neonatal

muscle is associated with reduced TSC1/2 activation and more activation of mTOR [31].

We further showed that insulin, but not amino acids, increases PKB activation and decreased

TSC2 activation. However, both insulin and amino acids increase mTOR phosphorylation

[38••].

Translation initiation is enhanced in neonatal muscle

The activation of mTOR by insulin and amino acids promotes translation initiation by

enhancing the phosphorylation of eukaryotic initiation factor (eIF), 4E-binding protein 1

(4EBP1), and ribosomal protein S6K1 (S6K1) [39,40••] (Figs. 2 and 3). The downstream

series of events that result in translation initiation and elongation are summarized in Fig. 3

[41–45].

We have examined the effects of nutrients on key components of these pathways. The

ingestion of a meal does not alter the activation of eIF2B, a regulator of 43S preinitiation

complex formation, in neonatal muscle although eIF2B activity decreases with development

[46]. We further showed that feeding increases the activation of 4E-BP1, S6K1, and S6 and

induces reciprocal changes in eIF4E binding to 4E-BP1 and eIF4G, which regulate mRNA

binding to the 43S preinitiation complex [29,31,46,47]. These changes in translation

initiation are profound in neonatal muscle, decrease with development, and are mTOR

dependent [48]. Amino acids and insulin independently mediate the feeding-induced

increase in phosphorylation of S6K1 and 4E-BP1 and formation of the active eIF4E–eIF4G

complex [22,38••]. The activation of these translation initiation factors by insulin and amino

acids is dose dependent. However, insulin, amino acids, and stage of maturity do not affect

the phosphorylation of eukaryotic elongation factor 2, a regulator of the translocation of the

ribosome along the mRNA. The modest increase in muscle protein synthesis by glucose

stimulation is mTOR independent [23•].

Leucine and arginine as regulators of neonatal muscle growth

The amino acid, leucine, serves both as a precursor for protein synthesis and as a signal to

activate protein synthesis [49]. Recently, we demonstrated that the postprandial rise in

leucine, but not in isoleucine or valine alone, stimulates skeletal muscle protein synthesis in

neonatal pigs, although this response to leucine is less than that to a complete amino acid

mixture [50,51]. The leucine-induced stimulation of skeletal muscle protein synthesis

involves the activation of mTOR and downstream signaling to translation initiation, that is,

S6K1, 4EBP1, and eIF4G–eIF4E and can be completely blocked by rapamycin treatment

[52••]. This process does not involve signaling proteins upstream of mTOR, that is, PKB,

AMPK, or TSC2 or that regulate elongation, that is, eEF2. The acute leucine-induced

stimulation of neonatal muscle protein synthesis is not sustained (despite continued

activation of the mTOR signaling pathway) unless essential amino acids are also provided to

prevent their decrease to less than fasting levels as they are utilized as substrates for protein

synthesis [50,53••]. The stimulation of the mTOR signaling pathway and protein synthesis in

muscle by leucine, similar to that which occurs with feeding, insulin, and a balanced amino

acid mixture, decreases with age.
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Arginine supplementation increases whole body and skeletal muscle growth of neonatal

pigs, likely because arginine is limited in milk [54]. Chronic treatment with N-

carbamylglutamate, which stimulates the synthesis of arginine thereby increasing circulating

arginine, also increases muscle weight and protein synthesis [55]. Recently, it was

demonstrated that the increase in muscle protein synthesis with arginine treatment in

neonatal pigs involves activation of the mTOR signaling pathway [56•].

Myonuclear accretion is rapid in the neonatal period

The rapid accretion of protein in the neonatal period is accompanied by an increase in the

fibers' myonuclear content, albeit at a proportionally slower rate. Because myonuclei are

postmitotic, the addition of new myonuclei to the growing fibers is accomplished by the

satellite cells, adult muscle progenitor cells, located in a niche between the sarcolemma and

the basal lamina [57,58]. The satellite cell niche defines its physical location, the cell's axis

of symmetry, and the nature of extracellular molecules to which it is exposed, and these

factors all can influence the activity and fate of the cells [59••]. A number of excellent

reviews [59••,60,61,62••,63••] on the biology of the satellite cell have been published

recently and the readers are referred to these for greater detail. The origin of the satellite

cells has been much debated. Recent studies that made use of a variety of ingenious

genetically engineered animal models, however, generally conclude that the satellite cells in

most muscles are characterized by the expression of Pax7 [64], and are derived from cells in

the somites that express the transcription factors Pax3 and Pax7 [63••]. In newborns, satellite

cells comprise a significant proportion of the total muscle nuclei, which decreases as the

number of myonuclei per fiber increase. In rats, satellite cells comprise approximately 35%

of muscle nuclei at birth and decrease to 10% at 4 weeks of age and less than 5% at sexual

maturity when the cells are largely mitotically quiescent [65,66]. A similar pattern is seen in

pigs [67,68]. The functional need for a higher number of satellite cells and proliferative

activity to support neonatal muscle growth is further substantiated by the demonstration that

during the suckling period, unweighting of the soleus muscle impairs satellite cell division

and the normal developmental gain in total myonuclei resulting in a proportional impairment

of muscle growth [69•]. The dependence of neonatal muscle hypertrophy on satellite cell

proliferation is also demonstrated from the study of muscle growth in mice lacking Pax7

[70]. After birth, muscle growth is severely impaired in these mice in association with rapid

loss of satellite cells, even though the total fiber number is not altered.

The rapid diminution in the proliferative activity of satellite cells and the decrease in their

relative numbers during the normal process of muscle fiber maturation are attributable

largely to the cells becoming quiescent. The mechanisms responsible for the induction of

quiescence with muscle maturation are unclear but may involve alterations in the activities

of the pathways that promote satellite cell activation and proliferation. For example,

hepatocyte growth factor, which is essential for satellite cell activation, is high in neonatal

rat muscle and decreases rapidly after 10 days of age [71]; the expression of myostatin

increases in muscles as they mature [72] and myostatin has been shown to inhibit satellite

cell activity [73]; the local expression of the insulin-like growth factors (IGFs) and the type

1 IGF receptor are down-regulated and this might be expected to mitigate cell cycle activity

[74]. Recently, the cross-talk between the Notch and Wnt signaling pathways has been

implicated in the regulation of satellite cell function and fate [59••,75,76••,77•], but their

contribution to the postnatal transition to the quiescent state is uncertain. The importance of

extracellular signals in regulating the activity of satellite cells is further underscored by

results of parabiosis [78] or muscle cross-transplantation studies [79] between young adult

and aged animals that uniformly demonstrate better responses in the younger host regardless

of the donor's age.
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Nutrition in the regulation of myonuclear accretion

The regulation of neonatal myonuclear accretion by the organism's nutrient intake has

received scant attention, especially since the identification of markers that permit the

detailed characterization of satellite cells. Quantitative studies have largely used total muscle

DNA as a proxy for the number of myonuclei. This is not unreasonable because it has been

demonstrated for skeletal muscle from normal healthy rats that the proportion of myonuclei

to total nuclei present from birth to old age does not change [80]. These studies suggest that

the relationship between protein and DNA accretion are closely regulated in neonatal

muscle. As already discussed, the translational mechanisms in immature muscle are

exquisitely sensitive to nutrient intake, and when differences in intake are sustained

chronically, overall muscle growth is altered in parallel. Thus, when food intake is globally

restricted or available in excess, the effects on total muscle DNA and protein are similar so

that the ratio of protein to DNA in a given muscle is maintained within a fairly narrow

range. This is demonstrated in Fig. 4 [81,82], which summarizes data from three older

studies in which milk intake of suckling rats was suboptimal from birth to weaning. One

study [83] has quantified by electron microscopy, the response of satellite cells in muscles of

weanling rats that had been globally undernourished during gestation and the suckling

period. The data suggest that there was a general impairment in satellite cell division with a

proportional reduction in the growth of the cytoplasm and overall muscle growth, a result

similar to those from the studies in Fig. 4. As recently debated, however, this may not

necessarily be the case for adult muscle hypertrophy [84].

A potential link between myonuclear accretion and the capacity for protein synthesis is

through the regulation of ribosomal production and muscle ribosome concentration. The

rate-limiting step for ribosome biogenesis is the rate of ribosomal RNA synthesis by

ribosomal DNA (rDNA) transcription [85]. Upstream binding factor (UBF) is a key

transactivator of rDNA genes and its availability is regulated by the phosphorylation state of

the retinoblastoma gene product (pRb) [86]. Nader et al. [87] demonstrated that activation of

mTOR in myotubes in culture by serum stimulation (but as may occur with feeding or

exposure to growth factors in vivo) promote pRb phosphorylation, thereby releasing UBF for

transactivation and increasing ribosomal production. Although there was no associated

increase in total DNA, it would not be unreasonable to suggest that those factors responsible

for the enhanced activation of mTOR in the immature myofibers of the neonate, that is,

insulin, amino acids, and potentially other growth factors, also influence cell cycle activity

and myonuclear accretion.

Conclusion

The high rate of muscle growth in the neonates is driven by the enhanced rate of protein

synthesis when food is available and is sustained by a parallel capacity of the satellite cells

to increase the myonuclear abundance of the muscle fibers. This feeding-induced

stimulation of muscle protein synthesis is mediated by the enhanced sensitivity to the

postprandial rise in insulin and amino acids. Recent studies, reviewed in this article,

highlight some of the recent findings of the developmental changes in the activation of

components of the insulin and amino acids signaling pathways and translation initiation and

elongation in skeletal muscle of the neonate. The enhanced activation of these signaling

components in neonatal muscle contributes to the high rate of protein synthesis and rapid

gain in skeletal muscle mass in the neonate. There is unequivocal evidence that the

maturational changes in protein synthesis and myonuclear accretion rates to promote muscle

hypertrophy are coordinated; however, the underlying mechanism is still unclear.
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Figure 1. Muscle protein accretion in early postnatal life

(a) Relative changes in the proportion of whole-body protein mass attributable to skeletal

muscle protein in the rat between birth and weaning (Fiorotto et al., unpublished

observations). (b) Relationship between the postnatal change in the rate of muscle protein

accretion and the fractional rates of protein synthesis and degradation in skeletal muscle

proteins during the suckling period in the hind limb muscles of rats [2,3]. , Fractional

synthesis rate; , fractional accretion rate; , fractional degradation rate.
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Figure 2. Insulin and amino acid signaling pathways that lead to translation initiation

4EBP1, 4E-binding protein 1; AMPK, AMP-activated protein kinase; mTOR, mammalian

target of rapamycin; PDK1, phosphoinositide-dependent kinase 1; PI3-K,

phosphatidylinositol 3-kinase; PKB, protein kinase B; PP2A, protein phosphatase 2A;

PTEN, phosphatase and tensin homologue deleted on chromosome 10; PTP1B, protein

tyrosine phosphatase 1B; TSC, tuberous sclerosis complex.

Davis and Fiorotto Page 13

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2010 January 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3. Regulation of translation initiation

4EBP1, 4E-binding protein 1; GDP, guanosine diphosphate; GTP, guanosine triphosphate.
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Figure 4. The relative consequence of suboptimal nutrition during the suckling period on total
protein content and the ratio of protein to DNA in various hind limb muscles of weanling rats

Data were compiled from three studies: (a) [81], (b) [82], (c) [3]. EDL, extensor digitorum

longus; Gastroc, gastrocnemius muscle; SOL, soleus. ■, Total protein; ▨, protein : DNA.
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