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Abstract

 

The limb myogenic precursors arise by delamination from the lateral dermomyotome in response to signals from

the lateral plate mesoderm. They subsequently migrate into the developing limb bud where they switch on the

expression of the myogenic regulatory factors, 

 

MyoD

 

 and 

 

Myf5

 

, and coalese to form the dorsal and ventral muscle

masses. The myogenic cells subsequently undergo terminal differentiation into slow or fast fibres which have

distinct contractile properties determining how a muscle will function. In general, fast fibres contract rapidly with

high force and are characterized by the expression of fast myosin heavy chains (MyHC). These fibres are needed

for movement. In contrast, slow fibres express slow MyHC, contract slowly and are required for maintenance of

posture. This review focuses on the molecular signals that control limb myogenic development from the initial

delamination and migration of the premyogenic cells to the ultimate formation of the complex muscle pattern and

differentiation of slow and fast fibres.
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Introduction

 

The myogenic cells of the limb arise from the somites,

epithelial balls of cells which form from the paraxial

mesodem. As a result of inductive interactions from

surrounding tissues, the ventromedial part of the somite

undergoes an epithelial–mesenchymal transformation

and gives rise to the sclerotome, the precursors of the

ribs and axial skeleton. In contrast, the dorso-lateral

region of the somite keeps its epithelial character and

forms the dermomyotome, which will generate the

musculature and dermis. The dorso-medial lip of the

dermomyotome forms the epaxial muscle, ultimately

the body wall muscles whilst the dorso-lateral lip gives

rise to the hypaxial muscle – the limb, tongue, diaphragm

and ventral wall musculature (Fig. 1). The somite also

gives rise to endothelial precursors (Chevallier et al.

1977; Beddington & Martin, 1989; Ordahl & Le Douarin,

1992; Wilting et al. 1995; Kardon et al. 2002).

The limb myogenic progenitors arise by delamina-

tion from the lateral dermomyotome in response to

signals from the adjacent lateral plate mesoderm

(Chevallier et al. 1977; Christ et al. 1977; Jacob et al.

1978; Solursh et al. 1987; Hayashi & Ozawa, 1995).

The premyogenic cells then migrate distally towards

the tip of the limb bud and begin to switch on the

expression of the myogenic determination helix–

loop–helix transcription factors, 

 

MyoD

 

 and/or 

 

Myf5

 

,

which mark myogenic commitment  (Figs 2 and 3).

Myoblasts subsequently coalesce to form the dorsal

and ventral muscle masses, the template of the future

muscles (Fig. 2; Schramm & Solursh, 1990). At stage 25

in the chick the myogenic cells start to terminally diff-

erentiate, switching on the expression of the terminal

differentiation factors, including myosin heavy chains

(MyHC), and fuse to form the multinucleated fibres

which are able to contract (Fig. 3; Hilfer et al. 1973;

Sweeney et al. 1989). This primary fibre development is

followed by a wave of secondary fibre formation,

which encapsulates the primary fibres, starting at day

7 in the chick embryo (Duxson et al. 1989; Fredette &
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Landmesser, 1991; Wigmore & Evans, 2002). The secondary

fibres have distinct biochemical and morphological

characteristics and constitute the bulk of skeletal

muscle at birth (Fredette & Landmesser, 1991).

 

Factors that control delamination and 
migration

 

Scatter factor (also known as hepatocyte growth factor)

and members of the Fibroblast Growth Factor (FGF)

family have been shown to be the major players controlling

delamination and migration (Fig. 1). Both FGF and

scatter factor can evoke delamination of the lateral

dermomyotome when applied ectopically into the

interlimb flank mesenchyme (Brand-Saberi et al. 1996;

Heymann et al. 1996). Furthermore, genetic inactivation

of 

 

c-met

 

, the tyrosine kinase receptor for scatter factor,

prevents delamination of the lateral dermomyotome in

mice. FGF signalling appears to be upstream of 

 

scatter

factor

 

, which is expressed in the lateral plate mesoderm

at the limb levels, as judged by its ability to induce

ectopic 

 

scatter factor

 

 expression. However, scatter factor

Fig. 1 Factors that control myogenic induction in the somite. The somite is initially specified into two regions – the sclerotome 
(pink) and dermomyotome (orange–yellow). The sclerotome forms the vertebrae and ribs whilst the dermomyotome gives rise 
to the myogenic precursors and the dermis. The dorso-medial edge of the dermomyotome (yellow) forms the epaxial muscles. 
This region involutes to give rise to the myotome (green), consisting of committed myogenic cells (i.e. expressing Myf5 ) which 
will form the back musculature. The dorso-lateral region of the dermomyotome (orange) gives rise to the hypaxial muscles. At 
the limb level, the premyogenic limb precursors delaminate and migrate distally into the developing limb bud (large orange 
arrow). The molecular signals that control these events are well characterized. Simplistically, Shh, produced by the notochord 
(grey) and floor plate of the neural tube (blue), induces the sclerotome. Wnt proteins are expressed in the dorsal neural tube 
and the dorsal ectoderm and, together with Shh, signalling promote myogenesis. The limb premyogenic cells are induced to 
delaminate by scatter factor and FGFs. These factors are also thought to control migration. The premyogenic cells express Pax3, 
Lbx1 and the scatter factor receptor, c-met, and are not committed to myogenic differentiation due to repressive signals from 
the lateral plate mesoderm (Bmp-4). Pax3 and c-met are needed for delamination whilst Lbx1 is required for migration.
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Fig. 2 Signals that control migration and differentiation of the limb muscle precursors. The premyogenic cells (expressing Pax3 
and shown in orange) migrate distally towards the AER (grey) which expresses FGFs and regulates scatter factor expression in the 
underlying mesenchyme (yellow). Once within the limb bud a subpopulation of premyogenic cells in the proximal limb bud start 
to differentiate, switching on the expression of the myogenic regulatory genes, Myf5 and MyoD (green). Cells committed to 
myogenesis are found towards the centre of the limb bud whilst the proliferative Pax3-expressing cells are found closer to the 
ectoderm. Bmp signalling from the ectoderm and underlying mesenchyme, together with scatter factor in the mesenchyme 
(yellow) and FGFs in the AER, repress myogenic differentiation.

Fig. 3 The regulation of primary myogenesis in the developing limb. The muscle precursors of the limb initially express the 
transcription factors Pax3 and Lbx1 together with the c-met tyrosine kinase receptor for scatter factor. Within the limb field, 
commitment to myogenic differentiation is marked by the expression of the myogenic regulatory genes (MRFs): Myf5 is detected 
first and is soon followed by MyoD. MRF4 is then transiently expressed and this is followed by myogenin expression. The onset 
of MRF expression is regulated by growth factors produced by the limb bud (also see Fig. 2). Subsequently, myoblasts terminally 
differentiate and express either slow or fast myosin heavy chain (MyHC) isoforms which determine the muscle fibretype. 
The MyHC-expressing myoblasts fuse into multinucleate myotubes and assemble to form the muscle fibres.
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is not the sole mediator of FGF’s effects and other

targets of FGF signalling must exist. For example, FGF

(but not scatter factor) can induce 

 

Lbx1

 

 expression in

the migrating myogenic precursors (Mennerich et al.

1998). In addition to inducing delamination, both

scatter factor and FGFs act as a chemotactic source

promoting migration towards the distal tip of the limb

bud (Fig. 1; Itoh et al. 1996; Takayama et al. 1996; Webb

et al. 1997; Lee et al. 1999; Scaal et al. 1999).

The two transcription factors that have been shown

to be essential for delamination and migration are the

homeobox genes, Pax3 and Lbx1, respectively. Both of

these are initially expressed in the lateral dermomyo-

tome. Pax3 is necessary for the epithelial–mesenchymal

transformation of the lateral dermomyotome and

appears to lie upstream of 

 

c-met

 

 expression. In 

 

Splotch

 

mice, which are defective in Pax3 function, 

 

c-met

 

 expres-

sion is significantly reduced or absent in the lateral

dermomyotome, which is disorganized, and the limb

myogenic cells do not migrate (Daston et al. 1996;

Epstein et al. 1996; Yang et al. 1996; Mennerich et al.

1998; Tremblay et al. 1998). In contrast, Lbx1 is needed

for migration but like c-met is downstream of Pax3

function (Mennerich et al. 1998; Gross et al. 2000).

Following gene inactivation of 

 

Lbx1

 

, the premyogenic

cells delaminate appropriately but do not migrate cor-

rectly. The majority, if not all, of the myogenic hindlimb

precursors remain near the dermomyotome and appear

to be unable to migrate. In contrast, the forelimb

premyogenic cells can migrate but some mismigrate

ventrally. This ultimately leads to an almost total

absence of hindlimb musculature whilst, in the forelimb,

the extensors (the dorsal muscles) are missing (Schäfer

& Braun, 1999; Brohmann et al. 2000; Gross et al. 2000).

This phenotype resembles that following gene inacti-

vation of 

 

gab1

 

, a docking protein involved in the trans-

duction of the c-met signal, and has been suggested to

be due to the inability of the cells to respond to limb

migratory cues (Schäfer & Braun, 1999; Brohmann et al.

2000; Gross et al. 2000; Sachs et al. 2000). This assumes

that the cues that govern ventral vs. dorsal migration,

or that the precursors that give rise to these premyo-

genic muscle masses, are distinct in the forelimb. How-

ever, it does not explain why some of the 

 

Lbx1

 

–/–

 

 cells

appear to be competent to migrate along another

route into the diaphragm. Hence, another possibility is

that following delamination the myogenic cells can

migrate but migrate too slowly, ultimately losing their

chemotactic cues from the developing limb bud (Schäfer

& Braun, 1999; Brohmann et al. 2000; Gross et al. 2000).

By default, some premyogenic cells would then sub-

sequently migrate into the competing pathway, which

gives rise to the diaphragm musculature.

The premyogenic cells migrate along a fibrillar

network and migration is dependent on the membrane

molecules, N-cadherin and integrins, together with

the extracellular matrix components, fibronectin and

hyaluronan (Jacob et al. 1978; Jaffredo et al. 1988;

Brand-Saberi et al. 1993, 1996; Swartz et al. 2001). In

addition, the membrane receptor, ephA4, which is

expressed by the muscle precursors, controls migration

through inhibitory interactions. EphA4 interacts with

the ligand ephrinA5, which is initially expressed at

higher levels distally in regions where myogenic cells

are not found. Furthermore, overexpression of ephrinA5

prevents migration of the premyogenic cells, suggest-

ing that inhibitory ephA4–ephrinA5 interactions

control the localization of the muscle cells within the

limb bud (Swartz et al. 2001).

 

Differentiation of premyogenic cells

 

During early development and migration, signals from

the lateral plate mesoderm inhibit differentiation. The

growth factor Bone morphogenetic protein-4 (Bmp-4)

has been shown to be one key inhibitory molecule, but

FGFs and scatter factor probably also play a role

(Pourquie et al. 1996). Once within the limb bud the

muscle cells switch off 

 

Pax3

 

 and 

 

Lbx1

 

 expression and

start to express the myogenic regulatory transcription

factors (

 

MRFs

 

) (Fig. 2; Gross et al. 2000; Uchiyama et al.

2000). These factors comprise a family of four genes –

 

Myf5

 

, 

 

MyoD

 

, 

 

MRF4

 

 and 

 

myogenin

 

 – which are expressed

sequentially during myogenic differentiation (reviewed

by Pownall et al. 2002). Myf5 and MyoD mark the initial

onset to myogenic commitment whereas MRF4 and

myogenin are expressed later. Forced expression of

MRFs is sufficient to drive the myogenic pathway.

Conversely, loss of function of 

 

MRFs

 

 in mice has clearly

demonstrated that they are crucial for myogenic differ-

entiation. For example, in the double 

 

Myf5

 

/

 

MyoD

 

knockout myogenesis is ablated (Rudnicki et al. 1993).

Similarly, the 

 

myogenin

 

 null mouse has severe muscle

defects. In this case, the myoblasts form but are unable

to undergo terminal differentiation (Hasty et al. 1993;

Nabeshima et al. 1993).

Differentiation starts in the proximal mesenchyme

and then progresses distally as the limb bud develops
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and elongates. This proximal to distal wave of differen-

tiation correlates with the proximity of the cells to the

apical ectodermal ridge (AER), a region of thickened

ectoderm at the tip of the limb bud which controls

outgrowth (Fig. 2). The AER expresses a number of FGFs

including 

 

Fgf2

 

, 

 

4

 

 and 

 

8

 

, which can inhibit myogenic

differentiation (Fig. 2; Robson & Hughes, 1996). FGF

signalling also maintains the expression of another

inhibitory molecule, 

 

scatter factor

 

, in the underlying

mesenchyme (Fig. 2; Scaal et al. 1999). Indeed, myogenic

cells placed in the mesenchyme underlying the AER

will not differentiate, in contrast to those placed in the

proximal region of the limb bud (Robson & Hughes, 1996).

There are many studies showing that FGF signalling

represses myogenic differentiation and it is generally

assumed that this also occurs in the developing limb

bud. Fitting with this overexpression of FGF4 or -5, or

loss of FGF function by misexpression of a dominant-

negative FGFR1 receptor, have been shown to reduce

the number of terminally differentiated myogenic cells

(Clase et al. 2000; Flanagan-Steet et al. 2000; Edom-

Vovard et al. 2001). However, other interpretations of

these studies are possible and whether FGF signalling

simply blocks myogenic differentiation has recently

been challenged. In these recent studies, misexpression

of soluble FGFR4 (previously known as FREK) but not

FGFR1, both of which will block FGF signalling, in the

developing limb bud was shown to decrease 

 

Myf5

 

 and

 

MyoD

 

 expression and ultimately the number of termi-

nally differentiated myoblasts (Marics et al. 2002). 

 

Pax3

 

expression was unaffected and no change in the apop-

tosis or proliferation was observed, suggesting that

FGF signalling is required for the transition from a 

 

Pax3

 

(uncommitted) to myogenic committed state. Thus, it

has been proposed that FGFs are a critical step for pro-

gression along the myogenic differentiation pathway

(Marics et al. 2002). This would fit with previous 

 

in vitro

 

observations that FGF signalling cannot only repress

myogenic differentiation but is also needed to permit

differentiation of a subpopulation of myogenic cells

from the limb bud (Seed & Hauschka, 1988). Exactly

how FGF signalling regulates myogenic differentiation

is presently unclear but the situation is likely to be very

complex, probably being dependent on the distinct

effects of different FGF ligands, other growth factors

and the stage of myogenic differentiation. Indeed, 

 

FGFs

 

are not only expressed in the surrounding limb bud

tissues, which are thought to repress differentiation,

but several ligands (

 

FGF2

 

, -

 

4

 

, -

 

5

 

 and -

 

6

 

) are expressed in

the myogenic cells themselves (Haub & Goldfarb, 1991;

Niswander & Martin, 1992).

In addition to the AER, dorsal signals from the

ectoderm also inhibit differentiation. Thus, removal of

the ectoderm accelerates myogenic differentiation. This

is illustrated by the down-regulation of 

 

Pax3

 

 expres-

sion, which marks the early myogenic population, and

the up-regulation of 

 

MyoD

 

 (Amthor et al. 1998). As the

pool of proliferative premyogenic cells is prematurely

depleted in the absence of the ectoderm, this proced-

ure ultimately results in smaller muscles. 

 

Bmp-2

 

, which

is expressed in the limb ectoderm, has been shown to

substitute for the ectodermal signal (Fig. 2). However,

it is likely that Bmp-2, together with other Bmps (-4 and

-7) expressed in the mesenchyme are also involved

(Fig. 2). In addition, other members of the TGF-

 

β

 

 family,

including the founding member TGF-

 

β

 

 itself, can inhibit

myogenic differentiation. Notable amongst these is

 

myostatin

 

 (or 

 

Bmp-8

 

), which is mutated in the double-

muscled cattle breeds, Belgium Blue and Piedmontese

(Grobet et al. 1997; Kambadur et al. 1997; McPherron

& Lee, 1997). Similarly, gene-inactivation of 

 

myostatin

 

in mice results in a large muscled mouse (Thomas et al.

2000). 

 

Myostatin

 

 is expressed by the developing

muscles themselves and negatively regulates myogenic

proliferation (Thomas et al. 2000). Myostatin function

is antagonized by the secreted molecule, follistatin,

which is again expressed by the developing myogenic

cells (Brand-Saberi et al. 1996). Thus, misexpression of

follistatin increases muscle mass whilst loss of function

of 

 

follistatin

 

 reduces the amount of muscle that

develops (Matzuk et al. 1995; Lee & McPherron, 2001).

An intracellular modulator of TGF-

 

β

 

, and presumably

myostatin signalling is the transcription factor, Ski,

which inhibits the function of smad3 (Luo et al. 1999).

Smad3, when activated by TGF-

 

β

 

 signalling, can bind to

MyoD and inhibit its function in myogenic cell lines (Liu

et al. 2001). Knockout of 

 

Ski

 

 in mice, which would

presumably result in excess smad3 activity, i.e. TGF-

 

β

 

signalling results in smaller muscles (Berk et al. 1997).

Conversely, gain of Ski function results in increased

muscle mass (Sutrave et al. 2000).

Sonic hedgehog (Shh) has also been shown to repress

myogenic differentiation at least in part by the main-

tenance of 

 

Bmp

 

 expression (Amthor et al. 1998; Krüger

et al. 2001). Therefore, overexpression in the chick limb

expands the 

 

Pax3

 

 domain and increases myoblast

proliferation, ultimately resulting in muscle hyper-

plasia (Duprez et al. 1998; Bren-Mattison & Olwin, 2002).
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Confirmation of the endogenous role of Shh signalling

during muscle development has been obtained in the

mouse knockout where the ventral muscles are absent,

and by blocking Shh signalling in the chick limb (Krüger

et al. 2001; Bren-Mattison & Olwin, 2002). In the latter

case, there was a reduction in the number of terminally

differentiated myogenic cells (Bren-Mattison & Olwin,

2002). Interestingly, in the 

 

Shh

 

 knockout studies a slight

delay in the onset of 

 

MyoD

 

 expression was observed,

suggesting that, as in the somite, Shh signalling forms

part of the regulatory network that initiates myogenic

differentiation (Münsterberg et al. 1995).

Finally, notch signalling has been implicated in the

regulation of myogenic differentiation. Ectopic activa-

tion of the notch pathway in the developing chick limb

decreases 

 

MyoD

 

 expression whilst 

 

Pax3

 

 and 

 

Myf5

 

 are

unaffected, suggesting that notch signalling may con-

trol the transition from a 

 

Myf5

 

 to 

 

MyoD

 

 expressing

state in the myogenic pathway (Delfini et al. 2000).

This cohort of inhibitory signals prevents myogenic

differentiation and allows the expansion of the premyo-

genic pool with only a subpopulation of premyogenic

cells becoming committed at any one time. This undiff-

erentiated state appears to be maintained by the

expression of the transcriptional repressor, 

 

Msx1

 

, which

is expressed in at least a subset of the premyogenic

population (Bendall et al. 1999; Houzelstein et al. 1999).

Evidence for this is that forced expression of Msx1 

 

in

vivo

 

 in the developing chick limb and cell lines 

 

in vitro

 

block myogenic differentiation, in part mediated by

direct binding to the 

 

MyoD

 

 enhancer (Song et al. 1992;

Woloshin et al. 1995; Bendall et al. 1999). Indeed, Msx1

has been shown to bind and inhibit Pax3, which can

induce myogenic differentiation not only when ectop-

ically expressed within the limb bud but within neural

tube explants (Maroto et al. 1997; Bendall et al. 1999).

Therefore, one model could be that following loss of

 

Msx1

 

 expression, Pax3 induces myogenic commitment.

Having said this, Pax3 is not essential for myogenic

differentiation as presumptive limb myogenic cells

from 

 

Splotch

 

 mice, which lack Pax3 function, can dif-

ferentiate when placed in the limb environment (Das-

ton et al. 1996). However, it is still possible that Pax7,

which is also expressed by limb myogenic precursors,

compensates for the loss of Pax3.

This raises the question as to whether myogenic

differentiation is just a passive default state following

the loss of these inhibitory signals. We would propose

it is not and that positive signals are required. As

mentioned before, this is supported by recent work which

has shown that FGF signalling is necessary for myogenic

commitment within the developing limb bud (Fig. 3;

Marics et al. 2002). Other factors that may be involved

include members of the Wnt gene family. Support for

this hypothesis is that in the pluripotent embryonic

carcinoma P19 line, 

 

β

 

-catenin, a component of the

canonical Wnt pathway, is sufficient and necessary

for myogenic differentiation (Fig. 3; Petropoulos &

Skerjanc, 2002). Furthermore, although not conclusive

evidence, misexpression of the Wnt antagonist, Sfrp3,

in developing somites can block myogenic different-

iation upstream of 

 

MyoD

 

 but downstream of 

 

Pax3

 

expression (Borello et al. 1999). Finally, two components

of the Wnt pathway, the transcription factor, Lef-1 and

its partner, 

 

β

 

-catenin, can be induced in the developing

myotome in response to Wnt and Shh signalling prior

to the onset of 

 

MyoD

 

 expression (Schmidt et al. 2000).

As promoter analysis has shown that a 258-bp MyoD

enhancer can recapitulate 

 

MyoD

 

 expression in both

the somite and limb, it is likely that many of the

regulatory elements that control 

 

MyoD

 

 expression in

somite and limb development are conserved (Faerman

et al. 1995; Goldhamer et al. 1995; Kablar et al. 1999).

Therefore, by extrapolation from the data obtained in

the somites and the P19 cell line, we would propose

that the Wnt pathway might be crucial for myogenic

commitment in the developing limb. Indeed, we have

found that misexpression of either Wnt3a or its down-

stream mediator 

 

β

 

-catenin or that by blocking this

pathway, we can change the number of terminally

differentiated myogenic cells consistent with this

possibility. However, at present other explanations are

also possible. For example, Wnt signalling could have

the converse effect to that proposed above and inhibit

differentiation. Alternatively, Wnt signalling may change

cell survival and/or proliferation.

 

Terminal differentiation

 

Each muscle is characterized by a highly specific and

unique arrangement of slow and fast fibretypes

specialized for its particular function (Fig. 3; Miller &

Stockdale, 1986a,b). The different fibres are character-

ized by the specific expression of myosin heavy chains

(MyHC), and distinct metabolic activities. Fast fibres

express one of the fast MyHC isoforms and generate

high force. They can be further subdivided into three

groups: the small fast oxidative fibres (IIA), the fast
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intermediate fibres (IIX) and fast glycolytic fibres (IIB).

The last of these are the fastest and as a consequence of

the glycolytic metabolism they fatigue easily. In contrast,

slow fibres express the slow isoform of the MyHC,

contract slowly, use oxidative metabolism and are able

to maintain a contraction for longer without fatigue

(Hughes & Salinas, 1999; Wigmore & Evans, 2002).

Uniquely, in the chick, muscle fibres can simultaneously

express both fast and slow MyHCs. The highly complex

arrangement of the fast and slow fibres, which not only

differs between each muscle but can vary along the

proximo-distal axis of a muscle, raises the challenging

question as to how this pattern is specified (Zhang &

McLennan, 1998). In the fetus and postnatally, exercise,

hormones and neuronal activity are major players

(reviewed by Hughes & Salinas, 1999). However, in the

embryo the fast and slow fibres are initially assembled

prior to innervation and hormonal influence and must

be specified by different molecular and/or cellular

interactions.

When and where slow and fast fibres are specified

has been a matter of continuing debate. Studies in

which clones of quail premyogenic cells have been

grafted into a chick host have shown that embryonic

myogenic cells are committed to terminal fates by

embryonic day 4 (DiMario et al. 1993). Limb myogenic

cells isolated in culture also appear to be biased or

prediposed to either a slow or fast fate, showing

that they are a heterogeneous population (Miller &

Stockdale, 1986a,b; Cossu & Molinaro, 1987; Stockdale,

1990; DiMario et al. 1993; DiMario & Stockdale, 1995; Pin

& Merrifield, 1997). Furthermore, these distinct fast/slow

properties can be inherited in successive generations

(reviewed by Stockdale, 1992; Robson & Hughes, 1999).

However, these studies have not answered when and

where this fibretype commitment takes place. Chimeric

grafting studies by Van Swearingen & Lance-Jones (1995)

showed that in the hindlimb the first premyogenic cells

to enter the limb bud form the proximal slow muscles

whilst the fast muscles are formed by the slightly later

migratory wave. From this it was proposed that the first

myoblasts to enter the limb are specified to form slow

fibres and that they become determined in the somite

and/or during migration, i.e. they are precommitted

(Fig. 4). This early determination has been supported by

a recent elegant study in which the somitic precursors

of the quail pectoralis muscle, a hypaxial-derived

muscle that connects the shoulder and thorax, were

grafted into the equivalent position in a chick host, and

it was suggested that commitment occurs within the

somite (Fig. 4; Nikovits et al. 2001). Thus, the pectoralis

muscle consisted of both slow and fast fibres character-

istic of quail, and not chick muscle, which is predomi-

nantly fast. In contrast, other studies have shown that

when clones of fetal or satellite myogenic cells are

grafted into a new host, they differentiate or modify

their fate according to the new environmental cues,

suggesting that environmental signals within the limb

bud determine terminal myogenic fate (Fig. 4; Hughes

& Blau, 1992; DiMario & Stockdale, 1997; Robson &

Hughes, 1999). Furthermore, recent retroviral labelling

studies in which groups of presumptive myogenic cells

have been labelled within the somite have shown that

they can contribute to a number of muscles in the limb

bud and, therefore, the final destination of the pre-

sumptive muscle cells is not predetermined (Kardon

Fig. 4 Specification of slow and fast 
myoblasts. There is debate as to when 
the distinct fibretypes are specified. 
One model proposes that slow and fast 
fibretypes are already specified within 
the somite. The other proposes that 
premyogenic cells are unspecified as 
they leave the somite and are competent 
to generate both slow and fast 
fibretypes under the influence of 
environmental factors in the limb bud. 
See text for further details.
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et al. 2002; Rees et al. 2003). In addition, the studies by

Kardon et al. (2002) in which each presumptive myo-

genic cell was labelled with a distinct nucleotide tag

have shown that the progeny of individual myogenic

cells contribute to both slow and fast fibres clearly

arguing that environmental signals within the limb

bud control fibretype fate (Kardon et al. 2002). The

apparent discrepancy between some of these studies

may be due to differences between the myogenic cell

populations analysed. Embryonic myoblasts, for example,

generate the primary myotubes, fetal myoblasts are

responsible for the formation of the secondary

myotubes and growth of primary fibres whilst satellite

cells are required for postnatal muscle growth (Seed &

Hauschka, 1984; Evans et al. 1994).

An alternative unification of these data is that the

myogenic cells may be biased towards one fate as they

leave the somite. However, as occurs in other develop-

mental systems, such as the neuroectoderm and its

derivatives, this bias can be over-ruled by local environ-

mental signals. This occurs in cranial neural crest pro-

geny when transplanted ectopically in the head. In this

scenario, ‘true commitment’ to a fast vs. slow fibretype

would be a relatively late event occurring within the

limb bud. This plasticity of cell fate is seen in the myogenic

cells of the developing somite. In the 

 

u-boot

 

 zebrafish

mutant the somitic myogenic cells cannot respond

appropriately to Shh signalling and fail to form slow

fibres (Roy et al. 2001). Yet, when given excess Shh

signalling, the myogenic cells initially differentiate as

slow myoblasts but later transdifferentiate to form fast

fibres (Roy et al. 2001). Therefore, slow and fast fibre

development should probably not be viewed as a one-

step commitment process but a reversible acquisition

of competence/specification which requires continued

reinforcement signals as seen in adult myoblasts. This

would particularly make sense as skeletal muscle is an

adaptable tissue which must respond to changing

environmental cues to function correctly.

The issue may be further clouded by potential diff-

erential responses and mechanisms of muscle develop-

ment along the proximo-distal axis. The limb has been

proposed to have evolved in two parts – the proximal

structures develop independently of Shh and are homo-

logous to the fin whereas the distal structures are

dependent on Shh and are evolutionary additions.

Therefore, it is possible that the development/

maintenance of the proximal and distal limb muscles is

differentially controlled, as has recently been shown

for the tendons (Kardon, 1998). Fast and slow myoblasts,

which give rise to the proximal muscles, may be pre-

patterned in the somite as suggested by the studies

of Nikovits et al. (2001) whilst those distally may be

patterned by the environment. Whatever is true, it is

clear that environmental signals within the limb bud

must control the number and distribution of slow and

fast fibres, as highlighted by the recent studies of

Kardon et al. (2002).

Furthermore, following duplication of the anterior–

posterior axis the presumptive anterior muscles are

respecified to form posterior muscles with the appropriate

distribution of fast and slow fibres, again supporting

the notion that environmental signals control the dis-

tribution and fate of myogenic cells (Robson et al. 1994).

 

Molecular regulation of slow/fast 
differentiation

 

Factors that specify limb myogenic fibretype different-

iation are unknown. In chick somites and zebrafish

adaxial musculature, Shh or hedgehog signalling has

been shown to promote slow fibretype formation. Thus,

loss of Shh signalling ablates slow fibre development,

whilst excess Shh promotes slow fibre formation

(Currie & Ingham, 1996; Blagden et al. 1997; Du et al.

1997; Cann et al. 1999; Lewis et al. 1999; Barresi et al.

2000). In zebrafish adaxial musculature, the promotion

of slow fibre formation 

 

in vivo

 

 and 

 

in vitro appears to

be at the expense of fast fibre formation, suggesting

that hedgehog signalling may act as an instructive

binary switch between the two differentiation states,

the ‘default’ state in the absence of hedgehog signal-

ling being fast (Norris et al. 2000). However, within the

limb bud itself, Shh does not appear to determine

myogenic cell fate but does prevent differentiation of

a subpopulation of the presumptive slow muscle

precursors, hence maintaining them in a proliferative

state and, ultimately, increasing the number of slow

fibres (Bren-Mattison & Olwin, 2002). Our recent data

have also suggested that the Wnt family of growth

factors may influence fibretype differentiation. Wnt5a

which is initially expressed throughout the mesenchyme

and later around the chondrogenic core, where the

majority of slow fibres are found, promotes slow fibre

development seemingly at the expense of fast. In con-

trast, Wnt11, which is expressed in the subectodermal

mesenchyme where the majority of fast fibres develop,

has the converse effect promoting fast fibre development
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again seemingly at the expense of slow (K. Anakwe

et al. submitted).

In the adult the MRFs have been strongly implicated

in the regulation of slow/fast fibres. Postnatally, but

not during development, MyoD has been shown to be

differentially expressed in fast and slow fibres in rats,

being found at high levels in fast and intermediate

fibres (IIB and IIX) in fast muscles and at lower levels in

type I fibres in slow, but not fast, muscles (Hughes et al.

1997). In the MyoD knockout mice there are more

IIA and slow type I fibres but fewer type IIB fibres in

some of the fast muscles (Hughes et al. 1997). Hence

some fast muscles acquire slower characteristics. The

activity of the catalase enzyme, which is higher in slow

fibres, is also increased (Tiidus et al. 1996). Somewhat

paradoxically and emphasizing the complexity of

the problem, the slow muscles gain a faster phenotype

(Hughes et al. 1997). Likewise, myogenin controls

fibretype development, and following misexpression

of myogenin, the levels/activity of glycolytic enzymes

decrease whilst oxidative metabolism increases in the

fast muscles (Hughes et al. 1999). However, in this case

metabolic changes are not associated with changes in

MyHC expression (Hughes et al. 1999).

Finally, slow fibre development and maintenance

in the adult has been linked to activation of calcium

signalling via the serine–threonine phosphatase,

calcineurin (Chin et al. 1998; Dunn et al. 1999; Bigard

et al. 2000; Naya et al. 2000; Serrano et al. 2001). This is

consistent with the high levels of intracellular calcium

found in slow fibres compared with the short brief

calcium fluxes that occur in fast muscles during contrac-

tion. Recently, the transcriptional co-factor, PGC-1α,

involved in oxidative metabolism has been shown to

be a downstream target of calcineurin signalling.

Furthermore, calcineurin is sufficient to promote slow

fibre formation when misexpressed in fast fibres (Lin

et al. 2002). Increases in calcium signalling may also be

responsible for slow fibre formation in the embryonic

limb, and in our studies we found that Wnt5a, which

activates calcium signalling in Xenopus and zebrafish

embryos, promoted slow fibre formation (Slusarski et al.

1997a,b; Kühl et al. 2000; K. Anakwe et al. submitted).

In support of this, misexpression of activated calmodu-

lin kinase, a downstream target of calcium signalling,

in developing limb myogenic cells also increased the

number of slow myocytes (K. Anakwe et al. submitted).

However, activation of calcineurin cannot be totally

responsible for slow fibre formation. Following IGF

stimulation of muscle cells, calcineurin is activated – yet

fast fibres, and not slow, are formed (Semsarian et al.

1999). Fast fibre formation in adult muscle has also been

linked to activation of the mitogen-activated protein

kinase kinase 6 (MKK6) (Delling et al. 2000).

Patterning of the musculature

The arrangement of muscles in the limb is extremely

complex and is established very early with the future

orientation of the fibres being apparent as the myotubes

form in the chick (Kardon, 1998). What determines this

intricate arrangement is presently unclear. However,

the overall pattern is clearly related to the skeletal

structures. For example, following duplication of the

anterior–posterior axis, where the anterior mesenchyme

gives rise to posterior structures, posterior muscles

develop from the anterior region (Robson et al. 1994).

Likewise, respecification of the dorso–ventral axis, such

as occurs following loss of Wnt7a function or as a result

of ectoderm rotation experiments, also results in the

respecification of the musculature almost in complete

accordance with the new skeleton (Parr & McMahon,

1995; Akita, 1996). At a molecular level the spatial

localization of the muscles has been in part linked to

the differential expression of Hoxa13 within the

premuscle masses (Yamamoto et al. 1998).

Gene knock-out experiments are starting to indicate

that the development of each muscle may be depend-

ent on a specific combination of factors. As mentioned

earlier, the Lbx1 knockout lacks the dorsal muscles in

the forelimb whilst, following gene inactivation of Mox2,

a homeobox gene expressed in the migratory premyo-

genic cells and in the distal limb mesenchyme, a subset

of forelimb muscles are affected (Mankoo et al. 1999).

In the latter case, these muscles are either reduced in size

or absent. In contrast, all the hindlimb muscles are present

but are smaller and not all are correctly patterned

(Mankoo et al. 1999). Therefore, it can easily be envisaged

that the gain or loss of genes such as Mox2 in different

species will determine the final arrangement of muscles.

This is similar to what has been proposed for many other

regions of the body where the differential expression

of genes – usually homeobox genes – specify patterning.
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