
The Lateral Plate Mesoderm: A Novel Source

of Skeletal Muscle

Qin Pu, Ketan Patel, and Ruijin Huang

Abstract It has been established in the last century that the skeletal muscle cells of

vertebrates originate from the paraxial mesoderm. However, recently the lateral

plate mesoderm has been identified as a novel source of the skeletal muscle. The

branchiomeric muscles, such as masticatory and facial muscles, receive muscle

progenitor cells from both the cranial paraxial mesoderm and lateral plate meso-

derm. At the occipital level, the lateral plate mesoderm is the sole source of the

muscle progenitors of the dorsolateral neck muscle, such as trapezius and

sternocleidomastoideus in mammals and cucullaris in birds. The lateral plate

mesoderm requires a longer time for generating skeletal muscle cells than the

somites. The myogenesis of the lateral plate is determined early, but not cell

autonomously and requires local signals. Lateral plate myogenesis is regulated by

mechanisms controlling the cranial myogenesis. The connective tissue of the lateral

plate-derived muscle is formed by the cranial neural crest. Although the cranial

neural crest cells do not control the early myogenesis, they regulate the patterning

of the branchiomeric muscles and the cucullaris muscle. Although satellite cells

derived from the cranial lateral plate show distinct properties from those of the

trunk, they can respond to local signals and generate myofibers for injured muscles

in the limbs. In this review, we key feature in detail the muscle forming properties

of the lateral plate mesoderm and propose models of how the myogenic fate may

have arisen.
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1 Introduction

Vertebrates have three sets of skeletal muscles: (1) axial muscles, which facilitate

movement of the vertebral column and the skull, (2) the limb and shoulder girdle

muscles, which operate the movement of the extremity, and (3) the head muscles,

which execute the movement complex for the eye, mouth, tongue, and larynx in the

head. According to the classical view, the skeletal muscle cells have two sources:

the paraxial and the pre-chordal mesodermal (Table 1). In the trunk and limb,

muscle cells originate from the somites, the segmental units of the paraxial meso-

derm. The head muscles are derived from the unsegmented cranial paraxial meso-

derm (CPM) and the prechordal mesoderm. Recently, skeletal muscle cells have

been shown to be derived from the lateral plate mesoderm (LPM). In this review,

we concentrate on the myogenesis in the LPM in vertebrates. Recent findings

resulting mainly from the chick and mouse models are discussed.

We will first briefly describe the morphogenesis of the somatopleura and the

splanchnopleura of the LPM. Then we will discuss the specification and

regionalisation of the LPM. In the third part, we will refer the recent studies

about the origin of skeletal muscle cells from the LPM. This is followed by the

cellular and molecular regulation of their myogenesis. Finally, we will discuss the

satellite cells from the LPM.

Table 1 Origin of skeletal muscles

Skeletal muscles Origin References

Head Extra-ocular

muscles

Prechordal plate,

Cranial paraxial

mesoderm

Wachtler et al. (1984)

Wachtler and Jacob (1986)

Evans and Noden (2006)

Masticatory

and facial

muscles

Cranial paraxial

mesoderm

Cranial lateral

splanchnic

mesoderm

Noden (1983a), Couly et al. (1992, 1993),

Evans and Noden (2006), Nathan et al. (2008),

Harel et al. (2009)

Tongue and

infrahyal

muscles

Occipital somites Noden (1983a), Couly et al. (1992), Huang

et al. (1999)

Neck Deep neck

muscles

Somites Huang et al. (2000)

Dorsolateral

neck muscles

Lateral plate

mesoderm

Theis et al. (2010)

Trunk Body wall

muscles,

Limb muscles

Diaphragm

muscle

Cloacal muscle

Somites Christ and Ordahl (1995), Christ et al. (1977),

Chevallier et al. (1977), Valasek et al. (2005),

Bladt et al. (1995)
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2 Formation of the Lateral Plate Mesoderm

During gastrulation, cells delaminate from the node and primitive streak and

migrate into the space between the epiblast and hypoblast to form the middle

germ layer, the mesoderm. The mesoderm compartmentalizes into an axial part

(the prechordal mesoderm and the notochord), a paraxial, an intermediate, and a

LPM (Selleck and Stern 1991; Psychoyos and Stern 1996; reviewed in Schoenwolf

and Alvarez 1992; Schoenwolf et al. 1992). The paraxial mesoderm flanks the axial

structure, the notochord, and the neural tube (Christ and Ordahl 1995). It can be

subdivided into a pre- and post-otic portion. The pre-otic portion of the paraxial

mesoderm termed in many references as cranial paraxial mesoderm (CPM) never

undergoes segmentation, while its post-otic part forms segmental units, the somites.

Somites are formed by primary segmentation and epithelialisation. The LPM is

made of one layer of mesenchymal cells at early stages and then subdivided into a

dorsal somatic (SoM) and a ventral splanchnic mesoderm (SpM). The SoM is also

called the somatopleure and SpM the splanchnopleure. The subdivision of the LPM

starts in the anterior-most region and progresses along the head-to-tail axis towards

the caudal end of the embryo (Funayama et al. 1999). In chick embryos, for

instance, the LPM is clearly subdivided into two layers at the cephalic level at

Hamburger-Hamilton-stage 8 (HH-8). However, the subdivision proceeds only

partly at the prospective otic level at the same stage. It furthermore remains one

layer at the first somite level. The lateral plate at the first somite level becomes two

layers after HH-stage 10 (Fig. 1). The formation of the SoM and SpM is accompa-

nied by the appearance of a coelomic cavity. It appears first in the lateral part of the

lateral plate and extends from lateral to medial. The formation of the coelom is

controlled by the ectoderm (Funayama et al. 1999).

The intermediate mesoderm is not formed at the head level and lies posterior to

the cervical somite level. Due to the lacking of the intermediate mesoderm, the

CPM and the occipital somites are continuous with the LPM. The boundary

between them is difficult to identify morphologically. It can be visualised only by

genetic markers. For instance, Pax3marks only the somites, but not the LPM (Theis

et al. 2010). In chick embryos, Alx4, Cyp26c1, and Twist are expressed in CPM and

occipital somites (Nathan et al. 2008; Bothe and Dietrich 2006; Tirosh-Finkel

et al. 2006; Dastjerdi et al. 2007). The LPM is characterised by the expression of

FoxF1, a forkhead box F1 transcription factor, and of Hand1 and Hand2 expression
(Srivastava et al. 1995; Charite et al. 2000; Yelon et al. 2000; Deimling and

Drysdale 2009). After the subdivision, the FoxF1 expression becomes restricted

to the ventral splanchnic layer, while the Irx3 (Iroquois class homeodomain tran-

scription factor) expression appears in the dorsal somatic layer (Funayama

et al. 1999; Mahlapuu et al. 2001). Expression of a set of second heart field genes

is found also in the SpM of chick embryos at HH-8 (Nathan et al. 2008).
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Fig. 1 Formation of the somatopleure and splanchnopleure from the lateral plate mesoderm

proceeds gradually in cranial to caudal direction. (A) Dorsal view of a chick embryo at Hamilton

and Hamburger-stage 8 (HH-8). Four somites are formed. (a1) Transverse section at the cranial

cephalic level indicated by line a1 in Fig. A. The neural tube (nt) is still not yet closed. The cranial
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3 Specification of the Lateral Plate Mesoderm

According to the developmental properties, the lateral plate can be subdivided into

the anterior and the posterior LPM (Waxman et al. 2008; Zhao et al. 2009). The

boundary of these two mesoderm regions lies at the level of somite 5–6 in mouse

embryos (Waxman et al. 2008). While Hand1 and Hand2 genes are expressed

throughout the entire LPM, NKx2.5 and Tbx20 expression is restricted to the

anterior LPM (Buchberger et al. 1996; Kraus et al. 2001; Yamagishi et al. 2004;

Deimling and Drysdale 2009). The pharyngeal LPM is characterised by the Tbx1
expression (Garg et al. 2001).

The anterior LPM contributes to the heart formation and is considered as cardiac

mesoderm. Firstly, myocardial progenitor cells populate a region of the lateral plate

on either side of the neural folds. This region is considered as the primary heart

field. A primary heart tube forms from each side of the primary heart field. The

bilateral symmetrical heart tubes fuse into one heart tube, consisting of a venous

and an arterial pole. As development proceeds, further myocardial progenitor cells

are recruited at the both poles of the heart tube. The progenitor cells for additional

growth of the arterial pole, which gives rise to the outflow tract and right ventricle,

was recently shown to arise from the SpM of the pharyngeal LPM known as the

secondary or anterior heart field (SHF/AHF).

The entire posterior LPM at early stages of development has been reported to

have limb-forming potential. Stephens et al. (1989) explanted lateral plate with

overlying ectoderm and underlying endoderm from the neck (somites 10–14), wing

(somites 15–20), flank somites 21–25), and leg (somite 26-end of the embryo) of

⁄�

Fig. 1 (continued) paraxial mesoderm (CPM) is composed of loosely arranged mesenchymal

cells. The somatic mesoderm (SoM) and splanchnic mesoderm (SpM) are formed in the lateral

plate mesoderm. A coelomic cavity (co) is surrounded by these two cell layers. The SpM is made

of cylindrical epithelial cells, while the cells in the SoM layer are flat. (a2) Transverse section

through the level indicated by line a2. The lateral plate mesoderm is presented as a layer of cells on

the left side. In contrast, the right lateral plate contains a dorsal and ventral layer, the SoM and

SpM, surrounding a coelom (co). (a3) Transverse section through the first somite (1.so) level

indicated by line a3 in the Fig. A. The wide neural plate lies on the somite. While the section is

located at the level of the middle part of the first somite on the left side, the section is cut through

the cranial edge of the right first somite. Only a small coelom (co) is present on the right side. (B)

Dorsal view of a HH-9 chick embryo. Seven somites are formed. (b1) Transverse section through

the cephalic level indicated by line b1 in the Fig. B. The neural tube is starting to close. A coelom

can be seen on both sides in the lateral part of the lateral plate mesoderm. (b2) Transverse section

through the first somite (1.so). Only a very small coelom can be seen in the most lateral part of the

lateral plate mesoderm. The main part of the lateral plate has not yet been subdivided into a

somatic and a splanchnic mesoderm. (C) Dorsal view of a HH-10 embryo with 10 somites. (c)

Transverse section through the first somite (1.so) on the right side and the unsegmented CPM level

on the left side. At this level, the neural tube is closed and the lateral plate mesoderm is

differentiated into a dorsal somatic (SoM) and a ventral splanchnic mesoderm (SpM). The coelom

on the left side is located more cranially and has advanced in development compared to the right

side. Bar: 100 μm for the sections
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stage 11–14 chick embryos. Each explant was allowed to grow in the coelom of

2.5–3 day-old-embryo for further 7–8 days. All explants formed limb structures.

This means that the limb field is present throughout the posterior LPM.

Our previous studies show that the skeletal muscle forming potential is restricted

to the anterior LPM. Only the lateral plate at the level of somites 1–3 (occipital

region) contributes to cucullaris muscle in chick embryos (Theis et al. 2010). The

lateral plate tissue which was grafted from the neck region into the occipital region

could not form skeletal muscles. This indicates that the cervical lateral plate has no

intrinsic myogenic potential and cannot be induced to form muscles through local

cues in the occipital region. After the occipital LPM was grafted into the limb level,

it could not form skeletal muscle cells. This indicates that the skeletal muscle

forming potential of the cranial LPM is not cell-autonomous and its myogenesis

requires local inductive signals.

4 Origin of Skeletal Muscle Cells from the Lateral Plate

Mesoderm

The skeletomyogenic potential of the LPM was first observed by means of cell

lineage tracing in mouse embryos. The murine myocyte enhancer factor-2C
(MEF-2C) has been shown to be expressed in the secondary heart field and controls
the heart looping and right ventricular chamber formation (Lin et al. 1997; Dodou

et al. 2004). Verzi et al. (2005) used the mef2c, an anterior heart field promoter and

enhancer, to direct the expression of cre recombinase exclusively in the anterior

heart field. The Cre expression was reported by Cre-dependent lacZ activity

(Soriano 1999). They showed that the mef2c–AHF–Cre transgene expression over-

laps with markers of the secondary/anterior heart field. As development proceeds,

not only the outflow tract and right ventricle but also the mesodermal component of

the branchial arches are marked by the activity of the mef2c-AHF-Cre transgene

(Verzi et al. 2005). It can be assumed that progenitor cells from the secondary heart

field may migrate into the branchial arch to form skeletal head muscles.

This assumption was strengthened by the study using Isl1-Cre mice (Nathan

et al. 2008). Isl1 is first expressed in the cranial splanchnic mesoderm, especially in

the secondary heart field (Cai et al. 2003). During further development, Isl1+ cells

are found in the mesenchymal core of both 1st and 2nd branchial arch. Finally, Isl1+
cells are identified in muscles derived from these both branchial arches, such as the

mylohyoid, styloid, digastric, buccinator, and facial subcutaneous muscles. This

observation predicts that the head muscle and cardiac muscle share a common cell

lineage. This is confirmed by a retrospective clonal assay that cells derived from a

single precursor are found in both branchiomeric head muscles and right ventricular

and arterial pole myocardium (Lescroart et al. 2010).

The DiI labelling experiment in the chick confirmed the observation of the

cre-lineage tracing experiment in the mouse (Nathan et al. 2008). After DiI was
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injected into the cranial SpM, cells of the outflow tract and the first branchial arch

were labelled. Because cells from the CPM also migrate into the branchial arch to

form head muscles (Noden et al. 1999; Tirosh-Finkel et al. 2006), the topographic

relationship of the CPM and SpM descendants in the branchial arch were addressed.

By means of injection of DiI and DiO into the CPM and SpM, respectively, of the

same embryo, Nathan et al. (2008) showed that the CPM-derived precursor cells are

located in the proximal part of the first branchial arch, while the SpM-derived cells

reside in the distal part of the first branchial arch. Due to dilution of dye after several

cell divisions, the cell fate of the precursor cells in the CPM and SpM cannot be

followed directly. So Nathan et al. (2008) labelled cells in the proximal and distal

mesenchymal core of the first branchial arch using DiI and DiO, respectively.

Although neural crest cells in the mesenchymal core of the branchial arch were

also labelled, these cells are known to never differentiate into myocytes. The dye

labelled proximal myogenic population was found to contribute to the masseter

muscle, while the distal myogenic population gives rise to the intermandibular

muscles. The contribution of the CPM to the mastication muscle was confirmed by

the retrospective clonal assay made by Lescroart et al. (2010), who observed that a

cell lineage which gave temporalis and masseter muscle provided also muscle cells

for the extraocular muscle.

A further LPM-derived muscle is a dorsolateral neck muscle, the cucullaris

muscle in birds, corresponding to the trapezius and sternocleidomastoideus in

mammals. The M. cucullaris in birds is a very broad and flat muscle, which can

be subdivided into M. cucullaris capitis and M. cucullaris cervicis. The cucullaris

capitis muscle has its origin in the lateral surface of the head, Os squamosum (a part

of the temporal bone) and extends caudally to the neck. The muscle sheets of both

sides touch each other in the dorsal region of the neck from the 2. to the 7. cervical

segments, forming a hood. Then, the muscle is subdivided into three portions. The

Pars interscapularis sends muscle fibres into the skin in front of the shoulder joint.

The Pars propatagialis consists of a few muscle fibres, which reach the flight skin

(propatagium). The Pars clavicularis draws ventrally over the crop and extends as a

thin and triangular muscle sheet between the furcula, the forked clavicle bones. The

terminal tendon of this muscle touches finally the rostrum sterni. The M. cucullaris

capitis has its attachment in the shoulder girdle region. The M. cucullaris cervicis

encompasses the caudal part of the neck and the shoulder region.

In our previous study, we demonstrated that this muscle originates from the LPM

at the level of the occipital somites (Theis et al. 2010). To trace the LPM descen-

dants, we replaced a piece of the LPM adjacent to the three first occipital somites of

a host chick embryo with the same tissue part from either quail or transgenic chick

embryos expressing cytoplasmic GFP under control of the beta-actin promoter

(provided by Dr. H. Sang). While quail cells can be identified using a perinuclear

antibody only on tissue sections, GFP cells can be seen in whole mounts of

embryos. So we observed that GFP cells distributed in the neck region according

to the same pattern as the cucullaris muscle. GFP cells extended from the head to

the shoulder region. Furthermore, GFP cells populate also in the upper back region,
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corresponding to the trapezius muscle. In sections, GFP cells as well as quail cells

were identified as muscle cells in the M. cucullaris.

In previous studies, it was reported that the cucullaris muscle is composed of

myoblasts from somites in chicken (Noden 1983a, b, 1986a, b; Noden et al. 1999;

Couly et al. 1993; Huang et al. 1997, 2000). The somitic origin of the cucullaris

muscle was confirmed by a study in Ambystoma mexicanum embryos (Piekarski

and Olsson 2007). They injected FITC-dextran into cranial somites and observed

FITC-labelled cells in this muscle. In view of numerous studies evidencing the

somitic contribution to the cucullaris, two scenarios were proposed. First, the

cucullaris muscle could derive muscle progenitors from both somites and LPM,

in a manner similar to the branchiomeric musculature (Harel et al. 2009). Second,

the cucullaris muscle is derived only from one of these structures, as experiments

leading to the aforementioned conclusion could have arisen due to tissue contam-

ination during the transplantation. We improved the transplantation procedure by

using dispase I to reduce the tissue contamination and quantified the cellular

contribution of the somite and the lateral plate. We found that the somitic contri-

bution was quite minor, whereas there was a very high density of tissue originating

from the lateral plate in the cucullaris muscle. These results demonstrate that the

cucullaris muscle is mainly derived from the LPM.

Our genetic cell lineage tracing study in mouse exclude the somitic contribution

to the cucullaris muscle and substantiate the finding from the transplantation

experiment in birds (Theis et al. 2010). In mammals, the trapezius and sternoclei-

domastoideus muscle are avian homologues of the cucullaris muscle. Both neural

crest cells and somite cells express Pax3 (Goulding et al. 1991, 1993; Goulding and
Paquette 1994). In Pax3 Cre:Rosa STOP/YFP embryos, these cells express

Cre-recombinase under the endogenous Pax3 promoter, which ultimately initiates

YFP expression from a floxed Rosa allele. YFP fluorescence marks all cells with a

past or present history of Pax3 expression. We found YFP activity in most trunk

muscles. However, we could not find YFP-positive cells in the muscle fibres of the

trapezius and sternocleidomastoideus as well as other head muscles. YFP cells

could be found only between the muscle fibres in the head. These were the neural

crest-derived cells which form connective tissue of these muscles (Noden 1983a).

These results confirm the sole contribution of the LPM to the cucullaris muscle in

birds and its homologues in mammals.

Taken together, the LPM participates in the formation of branchiomeric muscles

and dorsolateral neck muscles. While branchiomeric muscles are comprised of

myoblasts from both CPM and LPM, the dorsolateral neck muscle is derived only

from the lateral plate.
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5 Lateral Plate-Derived Muscles Differentiate Later Than

Other Muscles

After examining the formation of the skeletal musculature in head and trunk, we

found that the cucullaris muscle developed in chick embryos very late compared to

other skeletal muscles (Theis et al. 2010). First, the cucullaris myogenic cells

require a long period to reach their destination. The cranial to caudal migration of

the LPM cells from the level of somite 1-3 is detectable first by HH-14. By HH-20,

the transplanted cells extended just to the sixth somite level. The caudal end of the

grafted tissue reached the anterior limb base by HH-26. The morphological form

resembling the adult muscle was achieved by HH-30.

The differentiation of the cucullaris muscle also occurs at a relatively late stage.

MyoD expression was found to be initiated in somites, limb, and branchial arches at

HH-24. The first faint expression ofMyoD was detected in the cucullaris muscle at

HH-26. Just after HH-30, MyoD had reached its entire extent of the muscle.

Correspondingly, the terminal muscle markers could be detectable in somites,

extremities, and heart at HH-24. Differentiated myoblasts could be seen in the

second and third branchial arch at HH-26. However, the myoblasts were detected in

the cucullaris muscle at HH-30.

The late differentiation of the cucullaris muscle predicts that the myogenic

precursor required a longer period for proliferation than other muscles. The possible

reason might be that the muscle is very long and large. So the progenitor cells

require long time for generating a large pool of myogenic cells. It is still unknown

how the cell proliferation is controlled in this process.

This feature of late development is conserved in vertebrates. For instance, in the

turtle at stage 15, differentiated muscle was found in the head, trunk and limb with

exception of the cucullaris muscle. The cucullaris muscle was clearly discernible at

stage 17. It means that also in the turtle, the cucullaris develops later than the other

muscles.

6 Molecular Regulation of the Myogenesis in the Lateral

Plate Mesoderm

Although there are only few studies concerning the LPM myogenesis directly

(Theis et al. 2010; Harel et al. 2009; Nathan et al. 2008; Dong et al. 2006; Verzi

et al. 2005), numerous studies investigating head myogenesis provide some knowl-

edge about myogenesis in the LPM (Harel et al. 2009; Sambasivan et al. 2009;

Ericsson and Olsson 2004; Ericsson et al. 2004; Olsson et al. 2001; Bothe and

Dietrich 2006; Rinon et al. 2007; Lescroart et al. 2010; Couly et al. 1992; Noden

1983a, b; Noden 1986a, b; Marcucio and Noden 1999; Noden et al. 1999; reviewed

by Noden and Francis-West 2006; Tzahor 2009; Sambasivan et al. 2011;

Buckingham and Vincent 2009; Buckingham et al. 2005; Kelly et al. 2004).
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During the embryonic myogenesis in somites, Pax3 and Pax7 are expressed the

dermomyotome and play pivotal roles for the cell proliferation and survival of the

somitic myogenic progenitors (Relaix et al. 2005; Sambasivan and Tajbakhsh

2007). Pax3 and Pax7 act upstream of MyoD (Tajbakhsh et al. 1997). However,

both these transcription factors are not involved in the myogenesis in the cranial

mesoderm (Noden and Francis-West 2006). The cranial myogenesis is regulated by

a series of different transcription factors, such as Pitx2, Tbx1, MyoR, Capsulin, and
Isl1 (reviewed by Sambasivan et al. 2011; Tzahor 2009).

Pituitary homeobox 2 (Pitx2), a paired-related homeobox gene, is expressed in

the cranial mesoderm including the periocular mesenchyme and the core mesoderm

of the first branchial arch (Gage et al. 1999; Kitamura et al. 1999). In Pitx2-null
embryo, EOMs are missing (Gage et al. 1999; Kitamura et al. 1999). Pitx2 is

required for MyoR expression in the first branchial arch muscle precursors. In the

Pitx2 null mouse, cells derived from the SpM, which were marked with Mef2c-

AHF-Cre LacZ expression (Verzi et al. 2005), could not migrate into the first

branchial arch (Dong et al. 2006). Pitx2 regulates specifically the early muscle

specification of the first branchial arch (Shih et al. 2007a, b).

The T-box containing transcription factor Tbx1 plays a critical role in the head

muscle and cardiac out flow tract development (Kelly et al. 2004). Tbx1 is required

for the activation of Myf5 and MyoD in all branchiomeric muscles including both

CPM- and LPM-derived muscles, whereas Tbx1 is not involved in the regulation of

extraocular and tongue muscles. In the Tbx1-mutant, the formation of

branchiomeric muscles such as jaw, craniofacial and laryngeal muscles, as well

as trapezius are affected.

MyoR (Msc, musculin) and Capsulin (Tcf21) are bHLH transcription factors

expressed in the head and body muscles. Both are postulated to repress the

myogenic differentiation. Mutations of these both genes lead to the absence of a

subset first arch-derived jaw muscles (masseter, pterygoid, and temporalis mus-

cles). However, distal muscles of the first branchial arch (anterior digastri and

mylohyoid) were not affected (Lu et al. 2002). This suggests that MyoR and

Capsulin specifically control the formation of the CPM-derived but not the

SpM-derived muscles in the first branchial arch.

Isl1 (the LIM homeodomain protein Islet1) plays pivotal role for the prolifera-

tion, differentiation and lineage specification of distinct cardiovascular precursors

(Cai et al. 2003; Laugwitz et al. 2005; Moretti et al. 2006). Isl1 is expressed also in

the branchial muscle progenitors derived from the SpM (Nathan et al. 2008). After

overexpression of Isl1 by means of RCAS-Isl1 in chick embryos,MyoD, Myogenin,
and MyHC were blocked in CPM explants in vitro and in the first branchial arch

in vivo (Harel et al. 2009). Since Isl1 expression could be induced by BMP4 which

has been shown to inhibit myogenesis in both somites and head mesoderm (Tirosh-

Finkel et al. 2006), one can assume that BMP4 may fulfil its inhibitory function on

myogenesis via inducing Isl1 expression (Harel et al. 2009). Furthermore, Isl1 was

inhibited by overexpression using electroporation of Wnt3-IRES-GFP into the

surface ectoderm. In agreement, inhibition of Wnt pathway with sFrp2 and sFrp3

resulted in an expansion of Isl1 expression (Nathan et al. 2008).

152 Q. Pu et al.



As described above, the cucullaris muscle in birds represents a pure lateral plate-

derived muscle (Theis et al. 2010). We showed that the trunk myogenic programme

is not involved in the development of this muscle. Pax3 and Pax7 which drive

somite myogenic progenitor cell proliferation while suppressing differentiation

(Amthor et al. 1999; Amthor et al. 1998) were never expressed in this muscle in

chick embryos. Instead of expressing Pax3 and Pax7, genes of the head myogenic

programme, such asMyoR, Tbx1, and Capsulinwere expressed in the anlagen of the
cucullaris muscle during the early development in chick embryos. The role of the

head myogenic programme in the development of the cucullaris muscle was

confirmed by examining Pax3cre:Rosastop/YFP, Pax3sp/sp:Myf5nlacZ/nlacZ, and

Tbx1�/� mouse mutants (Engleka et al. 2005; Kelly et al. 2004). We found that

myoblasts of the trapezius and sternocleidomastoid, the cucullaris homologues in

mammals, never expressed Pax3 . Furthermore, the trapezius and sternoclei-

domastoid muscles were present in the Pax3sp/sp:Myf5nlacZ/nlacZmutants, in which

all somite-derived muscles were missing. This is concordant with the finding in the

Tbx1�/� line, which failed to form both of these neck muscles. Additionally the

trapezius has a molecular history for Isl1, which might repress the differentiation

and promote the proliferation of the myogenic progenitors during the early devel-

opment of head muscles (Harel et al. 2009). Our lineage tracing experiment

suggests that these muscles require a very long period for generating enough

number of myoblasts to form a large muscle.

The cucullaris muscle is a long muscle sheet which is located from the occipital

to the thorax region. It is still unknown how myogenic cells originating from the

occipital region reach the shoulder and thorax region. Recently, myotomal cells

have been shown to extend from one segment to the next segment (Chankiewitz

et al. 2014). This myotomal extension is controlled by a thymosin beta 15-like

peptide. Myogenic cells of the cucullaris might extend from their origin to the

thorax and shoulder region by means of the same mechanism.

7 Cranial Neural Crest Cells Form the Connective Tissue

of the Lateral Plate-Derived Muscle

Cranial neural crest (CNC) provides a wider range of differentiation potential than

trunk crest. Their derivatives include not only neurons, glia, and pigment cells, but

also skeletal cells of the head. In addition, CNC has also been reported to form the

connective tissue of branchiomeric muscles (Noden 1983a; Kontges and Lumsden

1996). Using the quail-chick cell lineage tracing technique, in which the CPM and

cranial neural crest from quail to chick was transplanted, Noden (1983a) observed

that the branchiomeric muscle has two components: myogenic cells are of CPM

origin and the connective tissue is derived from the cranial neural crest. Using the

same tracing technique, Kontges and Lumsden (1996) mapped the neural crest

(NC) subpopulations of individual rhombomeres. They observed that each
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rhombomeric NC population forms both the connective tissues of specific

branchiomeric and hypoglossal muscles and their attachment sites on the mandib-

ular and lower jaw skeleton.

This relationship between neural crest and paraxial mesoderm was extended to

the neck region (Matsuoka et al. 2005). The vertebrate neck is a mobile intercon-

nection of the head and trunk (McGonnell 2001). The length of the neck varies from

one segment to 76 segments. The primitive amphibians were in possession of the

first cervical vertebra (Torrey 1978). The fossil diapsid Muraenosaurus had 76 cer-

vical vertebrae (Young 1981). While mammals have 7 cervical vertebrae, the avian

cervical spinal column contains 13 (pigeon) to 25 segments (swans) (Burke

et al. 1995). In spite of the different length of the neck, the dorsal and ventral

shoulder muscles can extend from head to trunk, operating the shoulder girdle.

Using cre-recombinase-mediated Wnt1 and Sox10 transgenesis, Matsuoka

et al. (2005) mapped the long-term cell fate of NC in mouse embryos. They

revealed that the connective tissue of dorsal and ventral neck muscles at both

head and shoulder attachment sites is of NC origin. This was confirmed by other

research groups who used also the Wnt1 transgenic (Theis et al. 2010; Valasek

et al. 2010). We further investigated the originating axial level of the NC in our

previous study. Using quail–chick chimaeras, we found that the neural crest cells

formed the cucullaris muscle connective tissue, the dorsal neck muscle in birds, are

derived from the occipital level (Theis et al. 2010). This observation led us to

predict that both NC-derived connective and LPM-derived myogenic precursor

cells originate from the same axial level, the occipital level, and migrate from the

head region caudally to the trunk during formation of the neck.

The contribution of cranial neural crest cells to the connective tissue of cranial

muscles was investigated also in amphibians (reviewed in Schmidt et al. 2013 and

Ericsson et al. 2013). Using DiI labelling, green fluorescent protein (GFP) mRNA

injection and transplantation of neural folds, Olsson’s group showed that cranial

neural crest cells form the connective tissue but not the myofibers in the

branchiomeric muscles in Bombina orientali (Olsson et al. 2001) and in

Ambystoma mexicanum (Ericsson et al. 2004).

8 Cranial Neural Crest Cells Determine the Patterning

of the Lateral Plate-Derived Muscle

The CNC origin of the connective tissue suggests an important function of the

neural crest in the patterning of the LPM-derived muscle. Following heterotopic

transplantation in which neural crest at the level of the presumptive first branchial

arch was grafted to the level of the presumptive second and third branchial arch,

grafted cells form a duplicated first branchial arch skeletal system in the ectopic

location (Noden 1983b). Furthermore, the pattern of the branchiomeric muscle is

dependent upon properties of the grafted neural crest. These results indicate that
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neural crest cells are prespecified prior to their migration into branchial arch

regarding the patterning of the branchiomeric skeletal system and the form of the

associated muscle. The patterning information of the neural crest is not only axial

level specific but also species specific. Homotopic transplantation of neural crest

from a duck into a quail embryo led to the formation of duck-specific beak in the

quail host (Tucker and Lumsden 2004).

After the migration into the branchial arch, CNC cells and the muscle precursor

cells are arranged in a highly organised fashion. The muscle progenitors are located

in the core of the branchial arch, while CNC cells are located beneath the ectoderm.

Hence, the CNC cells enclose the muscle precursor cells and separate them from the

overlying surface ectoderm (Noden and Trainor 2005). The neural crest cells

streaming into a given branchial arch form both attachment sites of the muscle

which is derived from the same branchial arch. Thus, the connective tissue forming

neural crest cells and the myogenic cells take the same migratory route. Thereby,

the neural crest cells could provide guidance cues for the migratory myogenic

progenitors (Kontges and Lumsden 1996; Olsson et al. 2001; Matsuoka et al. 2005).

Based on the observation that surgical removal of the neural crest did not

interrupt the early myogenesis in the branchial arch, the early branchiomeric

myogenesis is independent of the neural crest cells (Olsson et al. 2001; Tzahor

et al. 2003; Ericsson et al. 2004; Ericsson and Olsson 2004; Rinon et al. 2007). In

amphibian embryos, myogenesis is initiated in absence of neural crest cells.

However, the myogenic progenitor cells cannot reach their destinations (Olsson

et al. 2001; Ericsson et al. 2004; Ericsson and Olsson 2004). In chick embryos,

Myf5, MyoD, Tbx1 and capsulin were expressed in the branchial arches after neural
crest ablation. However, their expression pattern was interrupted (Tzahor

et al. 2003; Rinon et al. 2007). These findings indicate that neural crest cells are

essential for the pattern of myogenic gene expression. They are, however, dispens-

able for the initiation of the myogenesis.

The results from the surgical removal in avian and amphibian embryos might be

influenced by the manipulation limitation and thus their interpretation could be very

complex, since neural crest is known to regenerate following ablation (Saldivar

et al. 1997; Scherson et al. 1993; Vaglia and Hall 1999). To avoid the problem with

post-operative regeneration of neural crest in chick and amphibian embryos, Rinon

et al. (2007) analysed mutant mice in which crest cells were genetically ablated.

One of such mouse line was the Hoxa1/Hoxb1 double-mutant mouse, in which crest

cells fail to migrate into the second branchial arch. Though early muscle markers,

such as capsulin and Tbx1, were detected in the second branchial arch, their

expression was broader in the mutant than those in the control mouse.
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9 Lateral Plate Mesoderm and Muscle Stem Cells

The satellite cell located in the basal lamina of a muscle fibre is the resident stem

cell of skeletal muscle, carrying out the routine maintenance, hypertrophy, and

repair of damaged adult skeletal muscles (Mauro 1961; Buckingham 2007; Kuang

et al. 2007; Zammit et al. 2006). Satellite cells maintain a stable stem cell pool by

means of the primary self-renewal mechanism (Collins et al. 2005; Montarras

et al. 2005; Sacco et al. 2008). Pax7 expressed by satellite cells controls the

generation of embryonic myogenic precursor cells (Seale et al. 2000; Lepper

et al. 2009). In double mutants of Pax3 and Pax7, muscle development was severely

affected (Relaix et al. 2005). Once activated, satellite cells co-express Pax7 with

MyoD. After the cell division, one of the daughter cell down-regulates Pax7 and

maintains MyoD. As a result it induces myogenin and differentiates into myoblast.

The other daughter cell down-regulatesMyoD and maintains Pax7 and remains in a

quiescent state (Halevy et al. 2004; Zammit et al. 2004).

In vertebrates, trunk and limb skeletal muscles originate from somites, seg-

mented paraxial mesodermal structures (Christ and Ordahl 1995). Using the

quail–chick cell lineage tracing system, Armand et al. (1983) reported for the first

time the embryonic origin of the satellite cells of the trunk muscle from the somites.

During the development, the somite undergoes a dorsoventral compartimenta-

lisation, resulting in a ventral mesenchymal sclerotome and a dorsal epithelial

dermomyotome. While the sclerotome is responsible for the formation of the

axial skeleton, the dermomyotome gives rise to dermal and muscular tissues

(Stockdale et al. 2000). Gros et al. (2005) and Relaix et al. (2005) demonstrated

that the dermomyotome is also the source of satellite cells. In chick embryos,

different somitic compartments were labelled by electroporation of GFP-vectors

and by quail–chick chimaeras. Using these two complementary cell tracing tech-

niques, Gros et al. (2005) concluded that the central part of the dermomyotome

contributes to both embryonic myogenic precursors and adult satellite cells. In

mice, cells of the central dermomyotome labelled by reporter genes targeted into

Pax3 and Pax7 loci were found to delaminate and migrate into the early myotome.

In the late development, these cells were found to integrate into the adult muscle as

satellite cells (Relaix et al. 2005). The limb muscle satellite cells originate from the

ventral dermomyotome which provides hypaxial muscle precursors for the limb and

ventral body wall (Schienda et al. 2006).

In the head, branchiomeric muscle satellite cells were found to have two sources.

Using quail–chick chimaeras, Harel et al. (2009) identified CPM-derived cells in

the position of satellite cells in masticatory muscles. They found that 90 % of

satellite cells of eye and masticatory muscles were of CPM origin. Islet1 is

expressed in the splanchnic layer of the LPM. In the Islet1Cre mouse line,

Islet1+/+ cells were found to contribute to 90 % satellite cells of masseter and

anterior digastric muscles. It is hard to understand how 90 % of satellite cells of a

muscle are of CPM origin in chick embryos and the same muscle receives 90 %

satellite cells from the SpM in mouse. The reason might lie in the difference
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between species. The reason for this finding is possibly the continuum from the

CPM to the LPM as described above. This could lead to the problem with contam-

ination of CPM cells with LPM cells during the tissue transplantation in birds.

Furthermore, the overlap expression of Isl1 in the CPM and SpM may be so strong

that Isl1-positive cells not only represent cells derived from the SpM, but also

the CPM.

Although it remains to be clarified whether the lateral plate at the occipital level

gives rise to satellite cells of the dorsolateral neck muscles (cucullaris in birds and

trapezius and sternocleidomastoideus in mammals), the above described observa-

tions predict that both myogenic and satellite cell progenitors arise from common

embryonic origins. They travel along the same route to their destinations and

maintain their spatial neighbourhood during development.

There are no studies investigating directly satellite cells being derived from the

LPM. Based on the observation that Isl1-expressed SpM gave rise to a vast majority

of satellite cells of the masseter muscle, results arising from the studies on masseter

can be considered as representative for the lateral plate-derived satellite cells (Ono

et al. 2010; Harel et al. 2009). After obtaining the percentage of satellite cell

number on the total number of nuclei per myofiber, Ono et al. (2010) found that

masseter muscle has fewer satellite cells than limb muscle. After counting the

percentage of self-renewing satellite cells (Pax7+/MyoD-) and differentiating sat-

ellite cells (Pax7-/MyoD+, Pax7-/myogenin +) in relation to the total number of

satellite cells per myofiber at different culture time points, they found that masseter-

derived satellite cells differentiate later than those from a limb muscle. Further-

more, satellite cells of the masseter muscle have stronger proliferative ability than

those from limb muscles. Gene expression profiles of satellite cell-derived myo-

blasts (after 4 h of isolated satellite cell culture) were compared between limb

muscles and masseter muscle by measurements of gene expression intensity using

quantitative RT-PCR. The results demonstrate that satellite cell-derived myoblasts

maintain their molecular profile from their embryonic origin. Pax3 was robustly

expressed in myoblasts from limb muscles, whereas it was not detectable in

myoblasts from masseter. Pitx2b and Pitx2c were significantly higher in myoblasts

from limb muscles than those from masseter. Pax7 and Mrf4 were more highly

expressed in myoblasts from masseter muscle than in those from limb muscles. It is

noteworthy that digastricus muscle-derived satellite cells (solely derived from the

lateral plate) displayed a very high amplitude of gene expression of Nkx2.5 com-

pared to those from limb muscle. Furthermore, masseter-derived cells expressed

much stronger Tcf21 (Capsulin), which represents an important transcriptional

factor for craniofacial muscle formation (Lu et al. 2002), than those from limb

muscles (Ono et al. 2010; Harel et al. 2009).

During embryonic myogenesis, BMP4 induces cardiogenesis, while it blocks

myogenesis in both head mesoderm and somites (Tirosh-Finkel et al. 2006; Reshef

et al. 1998). BMP4 induces the proliferation of satellite cells derived from both

trunk and head muscles. The inhibition of the myogenic differentiation through

BMP4 was less potent in satellite cells derived from the masseter muscle than those

from limb muscles (Harel et al. 2009). The proliferative state of satellite cells was

The Lateral Plate Mesoderm: A Novel Source of Skeletal Muscle 157



revealed by Myf5 and Pax7 expression, while their differentiation activity was

identified byMyoG andMyHC and also viewed by myofiber formation. In addition,

BMP4 induces stronger expression of Isl1 and Tbx20 in satellite cells from masseter

muscle than those from limb muscles. Isl1 and Tbx20 which are considered as

cardiac markers were shown to repress myogenic differentiation in the head

myogenesis, up-regulation of Isl1 by BMP4 predicts that BMP4 maintains the

plasticity of satellite cells of head muscles (Harel et al. 2009).

In spite of their different embryonic origin and regulatory properties, lateral

plate-derived satellite cells can regenerate somite-derived muscles (Harel

et al. 2009; Ono et al. 2010). It has been shown that limb-derived satellite cells

transplanted into an irradiated limb muscle can generate hundreds of muscle fibres

(Collins et al. 2005). Ono et al. (2010) performed transplantation of satellite cells

isolated from the masseter and the extensor digitorum longus (a limb muscle),

respectively, into the tibialis anterior muscle (a limb muscle). In the fourth week of

posttransplantation, they observed that the amount of donor-derived newly formed

muscle fibres was not significantly different between muscles receiving either

masseter- or extensor digitorum longus-derived satellite cells. By means of single

myofiber transplantation, Harel et al. (2009) obtained similar findings. These

findings indicate that independent upon their origin, satellite cells can respond to

local signals in the limb to generation myofibers.

10 Perspectives

It is interesting to speculate on the mechanisms that imbued myogenic properties on

the anterior lateral plate mesoderm. We discuss here two possibilities that may lead

to this outcome. In the first scenario, we propose that the head mesoderm, that has

myogenic properties, extends posteriorly adjacent to the first three somites. This is

feasible since the head and lateral plate mesoderm are continuous. Alternatively,

the occipital lateral plate mesoderm may have been patterned to gain characteristics

of head mesoderm by the posterior extension of a molecular boundary that confers

myogenic properties. There are numerous examples in the animal kingdom where

molecular boundary shifts regulate the development of tissues, both in invertebrates

and vertebrates. Further investigation using a combination of cell tracing and

molecular analysis of key genes especially members of the Hox family of tran-

scriptional factors will be needed to determine which of these possibilities is

responsible for the lateral plate myogenicity.
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