
_____________________________________________________________________________________________________ 
 
*Corresponding author: E-mail: amolp66@yahoo.com; 
 
 
 

 Annual Research & Review in Biology 
9(6): 1-9, 2016, Article no.ARRB.24329 

ISSN: 2347-565X, NLM ID: 101632869 
 

SCIENCEDOMAIN international 
             www.sciencedomain.org 

 

 

Craniofacial Muscles-differentiation and 
Morphogenesis 

  
A. A. Mundhada1, U. V. Kulkarni1, V. D. Swami1, S. V. Deshmukh1  

and A. S. Patil1* 
 

1Department of Orthodontics and Dentofacial Orthopedics, Bharati Vidyapeeth Deemed University 
Dental College and Hospital, Pune, Maharashtra, India. 

 
Authors’ contributions 

 
This work was carried out in collaboration between all authors. Authors AAM and UVK downloaded 

the literature and helped in the introduction whereas authors VDS and SVD gathered the initial draft 
whereas the idea the formatting the final draft was designed by author ASP. All authors read and 

approved the final manuscript.   
 

Article Information 
 

DOI: 10.9734/ARRB/2016/24329 
Editor(s): 

(1) George Perry, Dean and Professor of Biology, University of Texas at San Antonio, USA. 
Reviewers: 

(1) Ayhan Goktepe, Selcuk University, Konya, Turkey.  
(2) Parveen Akhter Lone, Indira Gandhi Government Dental College, Jammu, India. 

(3) Rafael Denadai, Institute of Plastic and Craniofacial Surgery, Sobrapar Hospital, Campinas, Sao Paulo, Brazil. 
Complete Peer review History: http://sciencedomain.org/review-history/13556 

 
 
 

Received 14 th January 2016  
Accepted 23 rd  February 2016 

Published 4 th March 2016  
 

 

ABSTRACT 
 

Unraveling the complex nature of tissue interactions is essential to generate structural and 
functional diversity present among craniofacial muscles. There are various distinct skeletal muscles 
in craniofacial region, the development of which are closely co-ordinated with other craniofacial 
tissues. The head musculature is known to originate from the cranial paraxial mesoderm (CPM) 
located anterior to the somites, and lacks any overt signs of segmentation. A consortium of 
transducting signals is required for the differentiation of skeletal muscle establishing spatially and 
temporally diverse myogenic populations. The induction, differentiation, and morpho-differentiation 
of these muscles is a relatively untouched area for experimentation with a cascades of signaling 
molecules, growth factors and genes. Various regulatory factors like Myf5, MyoD, Pax3, Pax7, 
Pitx2, Tbx1, Musculin and Tcf21 play a vital role in craniofacial muscle embryogenesis and 
morphogenesis. The relationship between craniofacial muscles and craniofacial morphology would 
seem to confirm the functional matrix theory of form and function. This review has been to highlight 
the classification, embryonic origin, differentiation and myogenesis, as well as the role of 
craniofacial muscles in growth of the craniofacial skeleton. 
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1. INTRODUCTION  
 
Understanding the intrinsic tissue interactions 
and its various pathways for morphogenesis of 
craniofacial muscles is very challenging. There 
are 60 distinct skeletal muscles in craniofacial 
region the head that control food intake, facial 
expression and eye movement. The 
development of these muscles is closely 
coordinated with other craniofacial tissues. The 
head musculature is known to originate from the 
cranial paraxial mesoderm (CPM) located 
anterior to the somites, and lacks any overt signs 
of segmentation. The CPM cells move into the 
branchial arches which eventually give rise to the 
facial structures. The regulation of head muscle 
patterning and differentiation by signals from 
adjacent tissues has been extensively explored 
in recent past [1]. The organization of craniofacial 
muscles is highly conserved, yet they are the 
most diverse musculoskeletal structures present 
in vertebrates. Skeletal muscles originate from 
the paraxial mesoderm which is a mesenchymal 
population. Surface ectoderm lies above the 
cephalic paraxial mesoderm with the pharyngeal 
endoderm under it with the migration of neural 
crest cells on its surface. The cell types 
generated within head paraxial mesoderm are 
similar to the cells present in trunk somite. At 
various axial levels, the morphogenesis and 
subsequent differentiation of skeletal muscle are 
under the interplay of various signaling 
molecules, growth factors and genes which 
control the myogenic cell populations [2]. Various 
tissues adjacent to craniofacial myogenic 
mesoderm are unique to the head (neural crest–
derived mesenchymal cells and pharyngeal 
endoderm) and segment-specific which play a 
role myoblast differentiation and morphogenesis. 
Various craniofacial muscle primordial move from 
their sites of differentiation within the paraxial 
mesoderm into peripheral locations e.g., muscles 
that rotate or elevate the skull. Movements of the 
craniofacial complex results in differentiation of 
myocytes, with infusion of neural crest cells 
around the head muscles. The elongation and 
alignment of myocytes and angiogenesis of the 
muscular network coincides with the segregation 
of the neural crest cells and myogenic cell 
network. Our goal in preparing this review has 
been to highlight the classification, embryonic 
origin, differentiation and myogenesis, as well as 
the role of craniofacial muscles in growth of the 
craniofacial skeleton. The relationship of various 
craniofacial muscles in different growth patterns 

and it effect on orthodontic treatment has also 
been discussed.  
 
2. CLASSIFICATION OF CRANIOFACIAL 

MUSCLES 
 
The head muscles are generally classified 
according to their anatomical location within the 
head: They can also be classified as four distinct 
populations i.e. i) extra-ocular, ii) branchial, iii) 
laryngoglossal, and iv) axial. [3]. 
 
 Axial muscles include muscles that cause 
various movements of the head. Terrestrial 
vertebrates unlike mammals have superficial 
facial muscles that are part of a constrictor colli 
system which help in swallowing and provide 
ventral muscle tone whereas in the mammals, 
there is a set of superficial facial muscles that 
permit fine motor movements of lips, eyelids, 
cheek, nose and specialized pharyngeal 
constrictors. 
 

2.1 Extra-Ocular Muscles (EOMs) 
 
The function of EOMs is to move and maintain 
the rotational stability of the eye in birds. The 
basic pattern of the six EOMs is common among 
all vertebrate classes, with various evolutionary 
adaptations. In early gnathosomes, vertical 
orientation of the lateral rectus is seen as 
compared to the horizontal alignment in most 
vertebrates. Various EOMs have been modified 
to form an appendage called the tentacle which 
results in reduction of the eye size in caecilian 
amphibians. Marlins, sailfish, and swordfish show 
a functional EOM adaptation. EOMs are 
compartmentalized into superficial as well as 
global orbital domains, allowing the global 
domain to initiate eye movements, whereas the 
orbital domain acts via the connective tissue 
pulleys as an elastic loading system, maintaining 
the rotational stability [3,4]. 
 
2.2 Branchial Arch Muscles 
 
Branchial muscles are those associated with the 
first and second pharyngeal arches related to the 
craniofacial region which have evolved from an 
set of homologous gill muscles and skeletal 
elements [5]. Recent studies contradict the 
hypothesis that the first branchial arch have 
evolved from gill-supporting ancestor [3,5]. 
Axons innervating branchial muscles areise in 
lateral regions of the brainstem, which is distinct 
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from EOM and somatic motor nuclei [6]. As the 
terrestrial vertebrates evolved and there was loss 
of gill-supporting skeletal elements and the 
muscles within each arch underwent substantial 
modifications. The embryonic origins of 
suprahyoid muscles are diverse, including 
mylohyoid arch and digastricus, stylohyoid, and 
geniohyoid. Muscles derived from the second 
branchial arch myoblasts whic segregate to 
periauricular, periorbital, and perioral regions are 
associated with facial expression and ear 
movement are unique to mammals [3]. 

 

2.3 Intrinsic Laryngeal Muscles and 
Tongue  

 
Glossal and laryngeal Muscles have a more 
extended ancestry and are relatively a part of 
evolutionary adaptations of the craniofacial 
musculoskeleton [7]. Hypobranchial myoblasts 
originate from the rostral somites and migrate 
underneath the pharyngeal structures in lamprey 
embryos [8] where in fishes these myoblasts 
attach gill elements to the coracoids bone [9]. It 
is surprising to see that in amphibians the same 
myoblasts arising from occipital somites forms 
the hypoglossal cord which elongates and allows 
myoblasts migrate ventral to pharynx, where they 
help in morphogenesis os the intrinsic tongue an 
dlayngeal muscles as well as extrinsic tongue 
muscles [10]. 
 
Initial hypotheses of the tongue muscles arising 
from the gills have much been discarded after 
identifying that they are innervated from neurons 
located in somatic instead of the branchial motor 
nuclei [11]. Where as in transgenic mice null for 
Tbx1 some tongue muscles are intact thus 
classifying them as hybrids [12].  
 

2.4 Axial Muscles 
 
Muscles for craniofacial stabilization are arising 
from the medio-dorsal and latero-ventral domains 
of occipital as well as cervical somites and are 
multi-segmental [13]. These muscles are 
classified as (i) hypaxial .i,e. muscles that are 
ventral to the transverse process and (ii) as 
epaxial i.e. muscles that are dorsal to the 
transverse process. Among the hypaxial are the 
infrahyoid muscles which assist in lowering of the 
root of the tongue and larynx [13]. 
 
3. EMBRYONIC ORIGINS AND 

FORMATION OF HEAD MESODERM 
 
The cascade of events will be explained 
according to following sequence: 

i)  Head Cavities and Pre-Otic Somites 
ii)  Prechordal Mesoderm 
iii) Paraxial Mesoderm 
iv) Regionalization of the head mesoderm 

 
3.1 Head Cavities and Pre-Otic Somites 
 
In shark embryos a series of epithelial-lined 
condensations rostral to the otic vesicle retain 
connections with the coelomic cavity [14,15] 
which inturn become isolated during lateral 
expansion of pharyngeal pouches and visceral 
clefts. Gilbert [16] identified mesenchymal 
condensations in early cat and human embryos 
that included primordia of extraocular muscles 
and within which myotome-like epithelium cluster 
are formed that becomes associated with an 
EOM-innervating cranial nerve, [17]. They also 
identified paired premandibular cavities which 
were small in size in chick embryos [17]. 
 

3.2 Prechordal Mesoderm 
 
Head mesoderm is developed and is in its 
position by mid gastrulation stages. The head 
mesoderm includes prechordal mesoderm n the 
median plane. Paraxial mesoderm is contineous 
laterally with prechordal mesoderm which arises 
from progenitors cells in the rostral margin of the 
elongating primitive streak (avian) and finally 
extends to the first somite [18]. The prechordal 
mesoderm is often indistinguishable from the 
neuroepithelial and endodermal layers [19]. 
Homeobox signaling i.e. Hedgehog and nodal 
signals from these cells are essential for the 
regional specification of the neural crest cells and 
also for the bifercation of the prosencephalic 
structures [3,20].  
 
Retroviral mapping studies and transplantation 
studies have shown that the prechordal 
mesoderm contributes to the formation of the 
medial, ventral, dorsal rectus as well as the 
ventral oblique muscles, which are innervated by 
the III cranial nerve i.e. oculomotor nerve [21,22]. 
 
3.3 Paraxial Mesoderm 
 
Paraxial mesoderm which helps in formation of 
the craniofacial structures is formed by the time 
the streak reaches its maximum length. Normally 
the paraaxial mesoderm is generated from the 
primitive node and streak beginning at the onset 
of gastrulation, and most of the head mesoderm. 
The head paraxial mesoderm appears as a 
rapidly generated population without spatially 
separable progenitors [23]. 
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3.4 Regionalization of the Head 
Mesoderm 

 
The exact molecular nature of the CPM and 
SpM, remains unclear. Recent gene expression 
analyses in avian models have begun to reveal 
the molecular milieu of head muscle progenitors 
in St. 8, St. 10, St. 16 and St. 20 and 24 chick 
embryos [24-27]. Pitx2, Tcf21 (capsulin), Msc 
(MyoR), Twist, Alx4, and Tbx1 genes are shown 
to be expressed in the head mesoderm: Alx4, 
Tbx1, Cyp26C1, and Twist are expressed in the 
CPM In St. 8 chick embryos, the SpM is found to 
express, Isl1, Nkx2.5, Fgf10, and Tbx20, a set of 
second heart field markers in agreement with the 
cardiogenic potential of these cells [24]. There is 
considerable overlap in the expression of head 
muscle markers e.g., Myf5, Tcf21 (capsulin), Msc 
(MyoR), Tbx1, Pitx2 and cardiac lineage markers 
(e.g., Islet1 and Nkx2.5) in the CPM and SpM 
[24]. Taken together, these studies have begun 
to delineate the molecular regionalization of the 
headmesoderm continuum in these fields along 
the medial lateral/dorsal–ventral axes. 
 
Craniofacial paraxial mesoderm is mesenchymal 
in nature and appears homogeneous in nature 
from the optic vesicles to the hindbrain, site of 
somite formation which is co-ordinated by growth 
factors, genes and various pathways like Fgf8, 
retinoic acid, Wnt signaling, Notch pathway 
related genes such as hairy1 and 2. 
 
In a series of SEM examinations in amphibians, 
reptiles, chicks and mammals; shallow 
transverse grooves demarcates he superficial 
and deep surfaces of head mesoderm, wherein 
the cells attained a circular orientation named 
somitomeres which represent vestiges of an 
evolutionarily condition which proves that the 
head mesoderm was fully segmented [28-30]. 
But the earlier has been proved wrong as they 
arrest before epithelialization and thus lack any 
separations. 
 
Pattern of movement is the distinguishing factor 
for each of these lineages i.e. certain 
chondrogenic cells are stationary and differential 
expansion helps in change in location [31]. 

Osteogenic precursors of intramembranous bone  
which arise medial to the head paraxial 
mesoderm, move dorsally around the brain 
settling at the superior surface of the future 
frontal and the parietal bones. The initial 
locations of many myogenic condensations 
within branchial arches led to the conclusion that 
myoblasts mesoderm originates in this lateral 

mesoderm [32]. All head myoblasts especially in 
avian and murine embryos arise in paraxial 
mesoderm [22,33]. 
 
Progenitors of craniofacial skeletal muscles are 
organized as individual muscle primordia and 
later segregate into several muscles which 
occupy specific locations in branchial arch. 
Branchial muscle primordia, located superficially 
within head paraxial mesoderm, are initially in 
contact with overlying surface ectoderm. EOM 
primordia tend to be closer to the midbrain and 
hindbrain than are branchial myoblasts [34]. 
 
4.  MOLECULAR ASPECT OF AXIAL 

MUSCLE DIFFERENTIATION 
 
The core myogenic network are recruited during 
evolution to create the craniofacial muscles 
determine muscle identity and promote muscle 
differentiation. They consists of the myogenic 
regulatory factors Mrf4, Myf5, Myf6, Myod and 
myogenin [35,36]. 
 
4.1 Myf5 
 
Myf5 expression in the cervical and occipital 
somites is an effect of loss of gene function of 
pax3 and shh. [37], which are a result of the 
variable Hox code along the body axis along with 
the variation in Notch signaling in the mesoderm 
[38]. Distinct enhancers regulate myf5 
expression both temporally and spatially within 
the developing embryo in a combinatorial and co-
operative fashion. Myf5 expression within the 
craniofacial musculature is also variabily 
controlled at differential locations and these sites 
operate as part of an integrated modular 
controlling network [36,39]. 
 
4.2 MyoD 
 
MyoD expression in differentiating myoblasts is 
controlled by the myoD enhancer [40]. MyoD 
expression in the somites is regulated 
differentially indicative that the signaling 
pathways controlling the onset of myogenesis 
are not mimicked in the entire embryo. 
 
4.3 Pax3 and Pax7 
 
Pax3, which is absent in craniofacial muscle 
progenitors and Pax7; activate Myod expression 
by binding to its regulatory sequences [41-43]. 
Furthermore, embryos in which embryonic Mrf4 
expression is perturbed in cis by disruption of the 
Myf5 locus, craniofacial muscle morphogenesis 
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is seen where as trunk muscles do not develop. 
Some head muscles have shown to up-regulate 
various genes like capsulin, engrailed and tbx1 
which are not usually part of the axial myogenic 
repertoire. Tbx1 null mice results in agenesis of 
branchial arch muscles sparing only a few 
muscles of the mandibular prominence indicating 
heterogeneity within the branchial arches in the 
myogenic populations or the phenotype [12] 
MyoR upregulation help in this muscle survival 
which is linked to the first branchial arch 
myogenic defects in the tbx1 null mice [36]. 
 
4.4 Pitx2 and Tbx1 
 
Pituitary homeobox 2 (Pitx2) expressed in the 
head of mouse embryos plays a key role in 
specifying EOMs where as Pitx2 which is 
expressed in trunk muscle progenitors plays a 
role in downstream of Pax3 in somitic 
myogenesis [44,45]. Pitx2 acts by binding to the 
promoters of Myf5 and Myod [45]. The T-box 
gene Tbx1 is a transcription factor which 
specifies PA, but not EOM, muscle founder cells 
[43]. A monolateral ablation of skeletal muscles 
is observed in Tbx1-null mutants whereas Tbx1 
and Pitx2 cross-regulate each other and activate 
the same target genes [43,46]. 
 
In humans, Pitx2 mutations cause Rieger 
syndrome whereas, TBX1 mutations causes 
DiGeorge syndrome suggesting that both these 
genes act autonomously, as well as non 
autonomously, to influence muscle development 
[47]. 
 
4.5 Musculin and Capsulin 
 
Musculin (expressed in head and body muscles) 
and Capsulin (Tcf21) act as repressors in 
morphogenesis. These transcription factors play 
a key role in the PA, but are not upregulated or 
down regulated in the EOM founder cells. 
Musculin and Capsulin mutant mice embryos 
result in agenesis of a subset of first branchial 
arch-derived jaw muscles [48]. The linkage and 
pathway between these transcription factors and 
MRFs has still not been explained and 
understood.  
 
4.6 Others 
 
Barx2, myoR, meox1, six1 and -4, pitx2, and the 
c- Met ligand HGF are other regulatory genes 
common to both head and trunk muscles. But 
there expressibility of these differ in different 
regions which is seen by less severe disruption 

of head myogenesis in null mutant mice [49]. 
Six1 inactivation causes little effect on the 
epaxial and other head muscles but affects the 
trunk muscles like the diaphragm, muscles of  
abdominal wall, limb and tongue muscles. An 
exacerbated version was seen in the double 
Six1/Six4 knockouts with defects extending to 
the head muscles delaying extraocular 
myogenesis [37]. Myogenic lesions following loss 
of pitx2 function in mice were found only in the 
extraocular muscles whereas on the contrary 
gene-inactivation of pitx2 in the periocular cranial 
neural crest cell has not shown to the early 
differentiation of ocular muscles [36]. 
 
5. MECHANISMS OF CRANIOFACIAL 

MYOGENESIS 

 
Developing craniofacial muscles require a 
consortium of molecular signals and gene 
expressions to produce a plethora of 
transduction and transcription pathways. Cranial 
myogenic mesoderm has localized commitments 
to different lineages due to its proximity with a 
number of tissues. Signaling of the Wnt, Fgf, and 
Bmp families determine specification of these 
placodal fields [3,50]. Additional region-specific 
signaling of Fgf3, Fgf19 and Tbx1 have been 
identified within the paraxial mesoderm below the 
otic placode [51]. Neural crest population 
migrates over the precursors of 1st branchial 
arch muscles and express the Wnt antagonist 
Frzb, and the Bmp antagonists noggin as well as 
gremlin. Wnt1 exhibits a dynamic expression 
pattern in the midbrain and areas of decreased 
Wnt expression correspond to myogenic focal 
areas within the paraxial mesoderm. Shh play a 
major role in the maintenance of epaxial trunk 
muscles but does not play any role in the initial 
regulation of myogenic differentiation [52]. Co-
expression of Bmp7 from the midbrain, 
diencephalon and the notochord augments Shh 
un responsiveness [53].  

 
6. MORPHOGENESIS OF HEAD 

MUSCLES 
 
Muscle morphogenesis consists of relocation of 
muscle precursors from their site of origin to the 
site of terminal differentiation and the process of 
arrangement of the primary myotubes as well as 
the accumulation of individual muscle fibres to 
adjacent connective tissues. Myoblasts express 
regulatory factors like lbx1, paraxis and six1 
which help in migration of these cells from the 
lateral myotomes [54,55]. These migrators are 
essential for the formation of all intrinsic and 
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extrinsic tongue muscles. The neural crest cells 
and the differentiating myoblasts reach the future 
branchial muscle primordial shifting ventrally in 
concert with each other. No sooner they shft 
ventrally the motor axons contact and enter the 
myogenic cord [56]. 
 
The final locations of the EOM primordia are 
achieved by various processes like population 
expansion, as well as multidirectional 
movements, synchronous with the changes in 
the orientation and position of the eye [57]. 

Regulatory interactions arising between the 
EOMs and eye are absolutely essential for 
formation of secondary motubes and 
differentiation of the retina [3,58]. 
 
Borue and Noden, [59] have proposed 
“mesoderm interface” which is a passive 
displacement model which is based on changes 
in the contour of the neural crest. It has been 
proved beyond doubt that the dorsal oblique is 
not a moving island but is at the extreme end of a 
straight projection of mesoderm that intermingles 
with projections of neural crest cells. Ectopic 
trunk mesoderm cells block the periocular crest 
cells which would encircle the myogenic tip.  
 
The surrounding connective tissues provide 
positional cues for the formation of attachments 
of muscles with branchial skeletal and connective 
tissues. Altered patterned in the organization of 
craniofacial muscles is seen in experiments with 
manipulation of branchial arch crest populations 
which helps us to conclude that there must be 
extensive interplay in the consortium of signals 
which control muscle morphogenesis in the head 
and trunk [60-62]. 
 
Direct evidence is lacking that periocular neural 
crest cells play a major role in EOM 
morphogenesis. The intimate cellular, molecular, 
biochemical and genetic co-relationship between 
the head, face and heart manifested in various 
cardiac and craniofacial birth defects is termed 
as cardio-craniofacial morphogenetic field [3]. 
 
7. SUMMARY 
 
Morphogenesis of craniofacial muscles is seen 
with a plethora of complex cellular, biochemical, 
molecular and genetic cascades. Various 
regulatory factors like Myf5, MyoD, Pax3, Pax7, 
Pitx2, Tbx1, Musculin and Tcf21 play a vital role 
in craniofacial muscle embryogenesis and 
morphogenesis. The challenges that lie ahead 
will be to precisely the signals that regulate the 

dynamic developmental processes underlying 
the specification, migration and differentiation of 
the different myogenic lineages in the head. 
 
Form and function theory still seems to dominate 
the inter-relationship between morphology and 
muscle which has been proved by studies 
showing brachyfacial individuals having thick 
mandibular muscles where as dolichofacial 
patients have relatively weak mandibular 
muscles. Developing craniofacial muscles 
require a consortium of molecular signals and 
gene expressions to produce a plethora of 
transduction and transcription pathways. 
Myogenic regulatory factors Mrf4, Myf5, Myf6, 
Myod and myogenin as well as Pax3, Pax7, 
Barx2, myoR, meox1, six1 and -4, pitx2, 
Musculin and Capsulin play a major role in 
morpho-differentiation of craniofacial muscles.  

 
COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 
 
REFERENCES 
 
1. Patil AS, Merchant Y, Nagarajan P. Tissue 

engineering of craniofacial tissues. J 
Regen Med Tissue Eng. 2013;2:1-19. 

2. Emerson CP Jr, Hauschka SD. Embryonic 
origins of skeletal muscles. In: Engel AG, 
Franzini-Armstrong C, editors. Myology, 
3rded. New York: McGraw Hill. 2004;3-44. 

3. Noden DM, Francis WP. The differentiation 
and morphogenesis of craniofacial 
muscles. Dev Dyn. 2006;235:1194-1218. 

4. Noden DM, Marcucio R, Borycki AG, 
Emerson CP Jr. Differentiation of avian 
craniofacial muscles: I. Patterns of early 
regulatory gene expression and myosin 
heavy chain synthesis. Dev Dyn. 1999; 
216:96-112. 

5. Kuratani S, Horigome N, Hirano S. 
Developmental morphology of the cephalic 
mesoderm and re-evaluation of segmental 
theories of the vertebrate head: Evidence 
from embyros of an agnathan vertebrate, 
Lampetra japonica. Dev Biol. 1999;210: 
381–400. 

6. Szekely G, Matesz C. The efferent system 
of cranial nerve nuclei: A comparative 
neuromorphological study. Adv Anat 
Embryol Cell Biol. 1993;128:1–92. 

7. Iwasaki SI. Evolution of the structure and 
function of the vertebrate tongue. J Anat. 
2002;201:1–13. 



 
 
 
 

Mundhada et al.; ARRB, 9(6): 1-9, 2016; Article no.ARRB.24329 
 
 

 
7 
 

8. Kusakabe R, Kuratani S. Evolution and 
developmental patterning of the vertebrate 
skeletal muscles: Perspectives from the 
lamprey. Dev Dyn. 2005;234:824–834. 

9. Hildebrand M, Goslow GE Jr. Analysis of 
vertebrate structure. New York: John Wiley 
and Sons, Inc; 2001. 

10. Hazelton RD. A radioautographic analysis 
of the migration and fate of cells derived 
from the occipital somites in the chick 
embryo with specific reference to the 
development of the hypoglossal 
musculature. J Embryol Exp Morphol. 
1972;24:455–466. 

11. Cordes SP. Molecular genetics of cranial 
nerve development in mouse. Nat Rev 
Neurosci. 2001;2:611–623. 

12. Kelly RG, Jerome-Majewska LA, 
Papaioannou VE. The del22q11.2 
candidate gene Tbx1 regulates branchio-
meric myogenesis. Hum Mol Genet. 
2004;13:2829–2840. 

13. Matsuoka T, Ahlberg PE, Kessaris N, 
Iannarelli P, Dennehy U, Richardson WD, 
McMohan AP, Koentages G. Myosin heavy 
chain synthesis. Dev Dyn. 2005;216:96–
112. 

14. Balfour FM. The development of the 
elasmobranchial fishes. J Anat Physiol. 
1877;11:674–706. 

15. Kuratani S. Craniofacial development and 
the evolution of the vertebrates: The old 
problems on a new background. Zool Sci. 
2005;22:1–19. 

16. Gilbert PW. The origin and development of 
the human extrinsic ocular muscles. 
Contrib Embryol Carnegie Inst. 1957;36: 
61–78. 

17. Jacob M, Jacob HJ, Wachtler F, Christ B. 
Ontogeny of avian extrinsic ocular 
muscles. I. A light and electron-
microscopic study. Cell Tissue Res. 
1984;237:549– 557. 

18. Seifert R, Jacob M, Jacob HJ. The avian 
prechordal head region: A morphological 
study. J Anat. 1993;183:75–89. 

19. Vesque C, Ellis S, Lee A, Szabo M, 
Thomas P, Beddington R, Placzek M. 
Development of chick axial mesoderm: 
Specification of prechordal mesoderm by 
anterior endoderm-derived TGF beta 
family signalling. Dev. 2000;127:2795–
2809. 

20. Patten I, Kulesa P, Shen MM, Fraser S, 
Placzek M. Distinct modes of floor plate 
induction in the chick embryo. Dev. 2003; 
130:4809–4821. 

21. Wachtler F, Jacob HJ, Jacob M, Christ B. 
The extrinsic ocular muscles in birds are 
derived from the prechordal plate. 
Naturwissenschaften. 1984;71:379–380. 

22. Evans DJR, Noden DM. Spatial relations 
between avian craniofacial neural crest 
and paraxial mesoderm cells. Dev Dyn. 
2006;235:1310–1325. 

23. Freitas C, Rodrigues S, Charrier JB, Teillet 
MA, Palmeirim I. Evidence for medial/ 
lateral specification and positional 
information within the presomitic 
mesoderm. Dev. 2001;128:5139-5147. 

24. Nathan E, Monovich A, Tirosh-Finkel L, 
Harrelson Z, Rousso T, Rinon A, Harel I, 
Evans SM, Tzahor E. The contribution of 
Islet1-expressing splanchnic mesoderm 
cells to distinct branchiomeric muscles 
reveals significant heterogeneity in head 
muscle development. Dev. 2008;135:647–
657. 

25. Bothe I, Dietrich S. The molecular setup of 
the avian head mesoderm and its 
implication for craniofacial myogenesis. 
Dev. Dyn. 2006;235:2845–2860. 

26. Tirosh-Finkel L, Elhanany H, Rinon A, 
Tzahor E. Mesoderm progenitor cells of 
common origin contribute to the head 
musculature and the cardiac outflow tract. 
Dev. 2006;133:1943–1953. 

27. Dastjerdi A, Robson L, Walker R, Hadley J, 
Zhang Z, Rodriguez-Niedenfuhr M, et al. 
Tbx1 regulation ofmyogenic differentiation 
in the limb and cranial mesoderm. Dev 
Dyn. 2007;236:353–363. 

28. Meier S, Packard DS Jr. Morphogenesis of 
the cranial segments and distribution of 
neural crest in the embryos of the 
snapping turtle, Chelydra serpentina. Dev 
Biol. 1984;102:309–323. 

29. Meier S. The development of segmentation 
in the cranial region of vertebrate embryos. 
Scan Electr Microsc. 1982;12:1269–1282. 

30. Meier S, Tam PP. Metameric pattern 
development in the embryonic axis of the 
mouse. I. Differentiation of the cranial 
segments. Differentiation. 1982;21:95–108. 

31. Nowicki JL, Takimoto R, Burke AC. The 
lateral somitic frontier: Dorsoventral 
aspects of anterio-posterior regionalization 
in avian embryos. Mech Dev. 2003;120: 
227–240. 

32. Jarvik E. Basic structure and evolution of 
vertebrates, Vol. 2. New York: Academic 
Press; 1980. 

33. Gage PJ, Rhoades W, Prucka SK, Hjalt T. 
Fate maps of neural crest and mesoderm 



 
 
 
 

Mundhada et al.; ARRB, 9(6): 1-9, 2016; Article no.ARRB.24329 
 
 

 
8 
 

in the mammalian eye. Invest Ophthalmol 
Vis Sci. 2005;46:4200–4208. 

34. Mootoosamy RC, Dietrich S. Distinct 
regulatory cascades for head and trunk 
myogenesis. Dev. 2002;129:573–583. 

35. Sambasivan R, Tajbakhsh S. Skeletal 
muscle stem cell birth and properties. 
Semin. Cell Dev. Biol. 2007;18:870–882. 

36. Sambasivan R. An eye on head: 
Development and evolution of craniofacial 
muscles. Dev. 2011;138:2401-2415. 

37. Grifone R, Demignon J, Houbron C, Souil 
E, Niro C, Seller MJ, Hamard G, Maire P. 
Six1 and Six4 homeoproteins are required 
for Pax3 and Mrf expression during 
myogenesis in the mouse embryo. Dev. 
2005;132:2235-2249. 

38. Vermot J, Pourquie O. Retinoic acid 
coordinates somitogenesis and left-right 
patterning in vertebrate embryos. Nature 
2005;435:215–220. 

39. Summerbell D, Ashby PR, Coutelle O, Cox 
D, Yee S, Rigby PW. The expression of 
Myf5 in the developing mouse embryo is 
controlled by discrete and dispersed 
enhancers specific for particular 
populations of skeletal muscle precursors. 
Dev. 2000;127:3745–3757. 

40. Chen JC, Love CM, Goldhamer DJ. Two 
upstream enhancers collaborate to 
regulate the spatial patterning and timing 
of MyoD transcription during mouse 
development. Dev Dyn. 2001;221:274–
288. 

41. Tajbakhsh S, Rocancourt D, Cossu G. 
Buckingham M. Redefining the genetic 
hierarchies controlling skeletal 
myogenesis: Pax-3 and Myf-5 act 
upstream of MyoD. Cell. 1997;89:127-138. 

42. Hu P, Geles G, Paik JH, DePinho RA, 
Tjian R. Codependent activators direct 
myoblastspecific MyoD transcription. Dev. 
Cell. 2008;15:534-546. 

43. Sambasivan R, Gayraud-Morel B, Dumas 
G, Cimpel C, Paisant S, Kelly RG, 
Tajbakhsh S. Distinct regulatory cascades 
govern extraocular and pharyngeal arch 
muscle progenitor cell fates. Dev. Cell. 
2009;16:810-821. 

44. Shih HP, Gross MK, Kioussi C. Cranial 
muscle defects of Pitx2 mutants result from 
specification defects in the first branchial 
arch. Proc. Natl. Acad. Sci. USA. 2007; 
104:5907-5912. 

45. L‟Honore A, Ouimette JF, Lavertu-Jolin M, 
Drouin J. Pitx2 defines alternate pathways 
acting through MyoD during limb and 

somatic myogenesis. Dev. 2010;137:3847-
3856. 

46. Grifone R, Kelly RG. Heartening news for 
head muscle development. Trends Genet. 
2007;23:365–369. 

47. Tumer Z, Bach-Holm D. Axenfeld-Rieger 
syndrome and spectrum of PITX2 and 
FOXC1 mutations. Eur J Hu. Genet. 
2009;17:1527-1539. 

48. Lu JR, Bassel-Duby R, Hawkins A, Chang 
P, Valdez R, Wu H, Gan L, Shelton JM, 
Richardson JA, Olson EN. Control of facial 
muscle development by MyoR and 
capsulin. Science. 2002;298:2378–2381. 

49. Bessarab DA, Chong SW, Korzh V. 
Expression of zebrafish six1 during 
sensory organ development and 
myogenesis. Dev Dyn. 2004;230:781–786. 

50. Brand-Saberi B. Genetic and epigenetic 
control of skeletal muscle development. 
Ann Anat. 2005;187:199–207. 

51. Chapman SC, Schubert FR, Schoenwolf 
GC, Lumsden A. Analysis of spatial and 
temporal gene expression patterns in 
blastula and gastrula stage. Dev. 2002;12: 
34-46. 

52. Tzahor E, Kempf H, Mootoosamy RC, 
Poon AC, Abzhanov A, Tabin CJ, Dietrich 
S, Lassar AB. Antagonists of Wnt and 
BMP signaling promote the formation of 
vertebrate head muscle. Genes Develop. 
2004;17:3087–3099. 

53. Dale K, Sattar N, Heemskerk J, Clarke JD, 
Placzek M, Dodd J. Differential patterning 
of ventral midline cells by axial mesoderm 
is regulated by BMP7 and chordin. Dev. 
1999;126:397–408. 

54. Brown CB, Engleka KA, Wenning J, Lu 
MM, Epstein JA. Identification of a hypaxial 
somite enhancer element regulating Pax3 
expression in migrating myoblasts and 
characterization of hypaxial muscle of 
transgenic mice. Genesis. 2005;41:202-
209. 

55. Williams BA, Ordahl CP. Fate restriction in 
limb muscle precursor cells precedes high-
level expression of MyoD family member 
genes. Dev. 2000;127:2523–2536. 

56. Song J, Boord RL. Motor components of 
the trigeminal nerve and organization of 
the mandibular arch muscles in 
vertebrates. Phylogenetically conservative 
patterns and their ontogenetic basis. Acta 
Anat. 1993;148:139–149. 

57. Creuzet S, Vincent C, Couly G. Neural 
crest derivatives in ocular and periocular 



 
 
 
 

Mundhada et al.; ARRB, 9(6): 1-9, 2016; Article no.ARRB.24329 
 
 

 
9 
 

structures. Int J Dev Biol. 2005;49:161–
171. 

58. Kablar B. Determination of retinal cell fates 
is affected in the absence of extraocular 
striated muscles. Dev Dyn. 2003;226:478–
490. 

59. Borue X, Noden DM. Normal and aberrant 
craniofacial myogenesis by grafted trunk 
somatic and segmental plate mesoderm. 
Dev. 2004;131:3967–3980. 

60. Patil AS, Sable RB, Kothari RM. An update 
on transforming growth factor–β (TGF-β): 
Sources, types, functions and clinical 

applicability for cartilage/bone healing. J 
Cell Physiol. 2011;226:3094-3103. 

61. Patil AS, Sable RB, Kothari RM. Role of 
Insulin-like growth factors (IGFs), their 
receptors and genetic regulation in the 
chondrogenesis and growth of the 
mandibular condylar cartilage. J Cell 
Physiol. 2012;227:1796-1804. 

62. Koentges G, Lumsden AGS. 
Rhombencephalic neural crest 
segmentation is preserved throughout 
craniofacial ontogeny. Dev. 1996; 
122:3229–3242. 

_________________________________________________________________________________ 
© 2016 Mundhada et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 
 
 
 
 

Peer-review history: 
The peer review history for this paper can be accessed here: 

http://sciencedomain.org/review-history/13556 


