


  Craniofacial Muscles 



   



       Linda K.   McLoon     •    Francisco   H. Andrade     
 Editors 

 Craniofacial Muscles 

 A New Framework for Understanding 
the Effector Side of Craniofacial 
Muscle Control           



 Editors 
   Linda K.   McLoon  
   Department of Ophthalmology 
 University of Minnesota 
  Minneapolis ,  MN,   USA 

     
Francisco H.   Andrade  
   Department of Physiology 
 University of Kentucky 
  Lexington ,  KY,   USA   

 ISBN 978-1-4614-4465-7       ISBN 978-1-4614-4466-4 (eBook) 
 DOI 10.1007/978-1-4614-4466-4 
 Springer New York Heidelberg Dordrecht London 

 Library of Congress Control Number: 2012945590 

 © Springer Science+Business Media New York   2013 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, speci fi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on micro fi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection 
with reviews or scholarly analysis or material supplied speci fi cally for the purpose of being entered and 
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this 
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s 
location, in its current version, and permission for use must always be obtained from Springer. Permissions 
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to 
prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a speci fi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for 
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with 
respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  



v

Part I Overview

 1 The Craniofacial Muscles: Arguments for Uniqueness ....................... 3
Francisco H. Andrade and Linda K. McLoon

Part II Development

 2 Head Muscle Development ..................................................................... 11
Itamar Harel and Eldad Tzahor

Part III Extraocular Muscles

 3 Extraocular Muscle Structure and Function ........................................ 31
Linda K. McLoon, Christy L. Willoughby, 
and Francisco H. Andrade

 4 Motor Control of Extraocular Muscle .................................................. 51
Vallabh E. Das

 5 Extraocular Muscles Response to Neuromuscular Diseases 
and Specific Pathologies ......................................................................... 75
Fatima Pedrosa Domellöf

Part IV Masticatory Muscles

 6 Masticatory Muscle Structure and Function........................................ 91
Mark Lewis, Nigel Hunt, and Rishma Shah

 7 Motor Control of Masticatory Muscles ................................................. 111
Barry J. Sessle, Limor Avivi-Arber, and Gregory M. Murray

  Contents



vi

 8 Masticatory Muscle Response to Neuromuscular Diseases 
and Specific Pathologies ......................................................................... 131
Sadie L. Hebert, Christy L. Willoughby, Francisco H. Andrade, 
and Linda K. McLoon

Part V Laryngeal and Pharyngeal Muscles

 9 Structure and Function of the Laryngeal and Pharyngeal 
Muscles ..................................................................................................... 141
Lisa A. Vinney and Nadine P. Connor

10 Motor Control and Biomechanics of Laryngeal 
and Pharyngeal Muscles ......................................................................... 167
Christy L. Ludlow

11 Laryngeal Muscle Response to Neuromuscular Diseases 
and Specific Pathologies ......................................................................... 185
J.C. Stemple, L. Fry, and R.D. Andreatta

Part VI Tongue Musculature

12 Tongue Structure and Function ............................................................. 207
Alan Sokoloff and Thomas Burkholder

13 Tongue Biomechanics and Motor Control ............................................ 229
Mary Snyder Shall

14 Tongue Muscle Response to Neuromuscular Diseases 
and Specific Pathologies ......................................................................... 241
Zi-Jun Liu

Part VII Facial Muscles

15 Facial Nerve Innervation and Facial Palsies ........................................ 265
Adriaan O. Grobbelaar and Alex C.S. Woollard

16 Spastic Facial Muscle Disorders ............................................................ 287
Juwan Park, Andrew R. Harrison, and Michael S. Lee

Part VIII Summary and Conclusions

17 Comparison of the Craniofacial Muscles: A Unifying 
Hypothesis ................................................................................................ 325
Linda K. McLoon and Francisco H. Andrade

Index ................................................................................................................. 337 

Contents



vii

     Francisco   H. Andrade       Department of Physiology, University of Kentucky , 
  Lexington ,  KY ,  USA      

     R.  D.   Andreatta       Division of Communication Sciences and Disorders, University 
of Kentucky ,   Lexington ,  KY ,  USA      

     Limor   Avivi-Arber       University of Toronto ,   Toronto ,  ON ,  Canada      

     Thomas   Burkholder       School of Applied Physiology, Georgia Institute of 
Technology ,   Altanta ,  GA ,  USA      

     Nadine P.   Connor       Departments of Communicative Disorders and Surgery, 
University of Wisconsin-Madison ,   Madison ,  WI ,  USA      

     Vallabh   E. Das       College of Optometry, University of Houston ,   Houston ,  TX ,  USA      

     L.   Fry       Division of Communication Sciences and Disorders, University of 
Kentucky ,   Lexington ,  KY ,  USA      

     Adriaan   O.   Grobbelaar       Institute for Plastic Surgery Research and Education , 
  Royal Free Hospital, London ,  UK      

     Itamar   Harel       Department of Biological Regulation, Weizmann Institute of 
Science ,   Rehovot ,  Israel      

     Andrew R.   Harrison       Department of Ophthalmology, University of Minnesota , 
  Minneapolis ,  MN ,  USA      

     Sadie   L. Hebert       Departments of Ophthalmology and Neuroscience, University of 
Minnesota ,   Minneapolis ,  MN ,  USA      

     Nigel   Hunt       UCL Eastman Dental Institute ,   London ,  UK      

     Michael S.   Lee       Department of Ophthalmology, University of Minnesota , 
  Minneapolis ,  MN ,  USA      

  Contributors 



viii Contributors

     Mark   Lewis       School of Sport, Exercise and Health, Loughborough University, 
Loughborough, Leicestershire, UK and UCL Eastman Dental Institute, London, 
UK         

     Zi-Jun   Liu       Department of Orthodontics, University of Washington ,   Seattle , 
 WA ,  USA      

     Christy L.   Ludlow       Department of Communication Sciences and Disorders, James 
Madison University ,   Harrisonburg ,  VA ,  USA      

     Linda K.   McLoon       Department of Ophthalmology, University of Minnesota , 
  Minneapolis ,  MN ,  USA      

     Gregory M.   Murray       University of Sydney ,   Sydney ,  Australia      

     Juwan   Park       Department of Ophthalmology, University of Minnesota , 
  Minneapolis ,  MN ,  USA      

     Fatima   Pedrosa Domellöf       Department of Ophthalmology, Umeå University , 
  Umeå ,  Sweden      

     Barry J.   Sessle       University of Toronto ,   Toronto ,  ON ,  Canada      

     Rishma   Shah       UCL Eastman Dental Institute ,   London ,  UK      

     Mary Snyder   Shall       Department of Physical Therapy, Virginia Commonwealth 
University ,   Richmond ,  VA ,  USA      

     Alan   Sokoloff       Department of Physiology, Emory University ,   Atlanta ,  GA ,  USA      

     J.C. Stemple          Division of Communication Sciences and Disorders, University of 
Kentucky ,   Lexington ,  KY ,  USA      

     Eldad   Tzahor       Department of Biological Regulation, Weizmann Institute 
of Science ,   Rehovot ,  Israel      

     Lisa A.   Vinney       Departments of Communicative Disorders and Surgery, University 
of Wisconsin-Madison ,   Madison ,  WI ,  USA      

     Christy   L. Willoughby       Departments of Ophthalmology and Neuroscience, 
University of Minnesota ,   Minneapolis ,  MN ,  USA      

     Alex C.S.   Woollard       Institute for Plastic Surgery Research and Education , 
  Royal Free Hospital, London ,  UK            



     Part I 
  Overview         



3L.K. McLoon and F.H. Andrade (eds.), Craniofacial Muscles: A New Framework 
for Understanding the Effector Side of Craniofacial Muscle Control, 
DOI 10.1007/978-1-4614-4466-4_1, © Springer Science+Business Media New York 2013

    1.1   Introduction 

 The craniofacial muscles are small skeletal muscles associated with head and neck 
structures and involved in a wide array of non-locomotor activities such as mastica-
tion, swallowing, breathing, vocalization, facial expression, and even vision and 
other special senses. These muscles are the new kids on the block, starting with their 
relatively recent appearance with the evolution of the head and neck in vertebrates 
and to our growing understanding of their distinctive development programs, func-
tions, and pathologies. For convenience, we can group the craniofacial muscles 
according to their developmental origin: extraocular muscles, branchiomeric mus-
cles (facial, masticatory, pharyngeal, and laryngeal muscles), and tongue muscles 
(Noden and Francis-West  2006  ) . There is growing recognition of clinical relevance 
of the craniofacial muscles in terms of diseases that are speci fi c to them (strabismus, 
laryngeal dystonias, facial paralysis, and many others), but also their characteristic 
divergent response to certain systemic neuromuscular disorders (sparing by some 
muscular dystrophies, targeting by myasthenia gravis, to name a few). These are the 
basic arguments for the uniqueness of the craniofacial muscles that serve as the 
central theme for the following chapters.  

    F.  H.   Andrade ,  Ph.D.   (*)
     Department of Physiology ,  University of Kentucky ,
  800 Rose Street ,  Lexington ,  KY   40536-0298 ,  USA    
e-mail:  paco.andrade@uky.edu  

     L.  K.   McLoon ,  Ph.D.  
     Department of Ophthalmology ,  University of Minnesota, 2001 6th Street SE ,
  Minneapolis ,  MN 55455 ,  USA    
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for Uniqueness       
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    1.2   Origin of Head and Neck Musculature 

 Craniofacial evolution is one of the key steps in the origin and diversi fi cation of 
vertebrates (Trainor et al.  2003  ) . The Craniata, a clade within the phylum Chordata 
(animals with notochords at one point in their lives), arose during the Cambrian 
explosion (~525 million years ago). In contrast to other chordates, the craniates 
have heads with complex (vesicular) brains encased in a rigid cranium and special-
ized sensory organs, including laterally placed eyes. Properly speaking, a skull is 
composed of the cranium and the jaw. The latter is an even more recent evolutionary 
feature: its presence separates the “jawed vertebrates” (Gnathostomata, the great 
majority of vertebrates, including mammals) from the older members of the Craniata 
clade, the jawless  fi shes (lampreys and hag fi shes). The appearance of the head and 
neck is one of the factors that allowed vertebrates to shift from  fi lter feeding to 
active predation, greater motility, and a faster metabolic rate. At least partly due to 
these characteristics, vertebrates have a presence in a broad range of terrestrial and 
aquatic environments. Among many other distinguishing features, vertebrates have 
a complex muscular digestive system, and the cardiovascular system has a heart 
with two or more chambers, all additions required to cope with greater metabolic 
demands imposed by their larger size and active lifestyle. 

 The craniofacial muscles allow for a broad motor repertoire in the head and neck. 
It will become apparent in the next chapters that these muscles build on the striated 
muscle stereotype to serve the unique motor needs of craniofacial structures. In 
other words, the craniofacial muscles do not have quite the same developmental 
origin as other striated muscles, skeletal or cardiac. To start, craniofacial muscles 
are non-somitic; they do not follow the progression from mesoderm to segmented 
somites, which characterizes the development of trunk and limb muscles. Instead, 
the cranial mesoderm that originates craniofacial muscles differentiates along limits 
set by molecular rather than anatomical boundaries (Sambasivan et al.  2011  ) . 
Craniofacial muscles can trace their most primitive origins to trunk musculature, as 
evidenced by shared steps in their respective myogenic programs. However, the 
developmental programs for craniofacial muscles show a level of complexity that 
be fi ts both their relatively recent appearance and the allocation of craniofacial 
mesoderm for multiple fates. For example, some craniofacial muscles follow a 
developmental program very similar to that of the heart, hinting at a common evo-
lutionary origin (Kelly  2010  ) . Neural crest plasticity and independent gene regula-
tion (from other muscle groups) are needed for greater adaptability to environmental 
pressures (Trainor et al.  2003  ) . This inherent plasticity in the craniofacial develop-
mental program gives rise to the diverse cranial phenotypes we see around us today: 
wide range of beaks in birds, the repurposing of mandibular bones for hearing (all 
the way to four middle ear bones in mammals), the sensory and motor function of 
the elephant’s trunk, the muscles of facial expression in humans, and the enhanced 
sensory role of the nose of the star-nosed mole.  
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    1.3   Craniofacial Muscle Function 

 The structures of the head and neck protect the brain, provide support for delicate 
sensory organs, and are needed for feeding and exploratory behaviors. The cranio-
facial muscles, which include the extraocular, facial, masticatory, pharyngeal, laryn-
geal, and tongue muscles, are required for all motor activities of the head and neck. 
The extraocular muscles are responsible for the coordinated voluntary and re fl exive 
movement of the vision organs, the eyes. Their anatomical arrangement and inner-
vation are highly conserved, suggesting that the ocular motor system is fairly 
ancient, maybe predating some trunk and limb muscles. With rare exceptions, even 
the most primitive vertebrates have at least six extraocular muscles for each eye 
(Noden and Francis-West  2006  ) . As is the case in other underused motor systems, 
these muscles are poorly developed in a non-vision-dependent species, the naked 
mole-rat (McMullen et al.  2010  ) . An even more extreme example of functional 
extraocular muscle adaptation occurs in the bill fi sh, whose enlarged dorsal (supe-
rior) extraocular muscles serve as heat-generating organs to maintain the brain 
warmer than the environment (Block and Franzini-Armstrong  1988  ) . 

 The branchiomeric muscles control jaw movement, facial expression, and laryn-
geal and pharyngeal function. Jaw (masticatory) muscles are important for feeding 
and sound production; together with some neck muscles, they arise from the  fi rst 
and second branchial arches (Kuratani  2004  ) . These are versatile muscles that are 
adapted to diverse jaw articulation plans and feeding behaviors. Mammals are 
unique in having muscles of facial expression and external ear movement. The pha-
ryngeal and laryngeal muscles in mammals are mostly responsible for coordinated 
swallowing and breathing (i.e., normally, we do not swallow and breathe at the 
same time). The laryngeal muscles are also involved in airway protective re fl exes 
and sound production (Lang et al.  2002  ) . 

 A tongue containing voluntary muscles is present in most amphibians, and all 
reptiles, birds, and mammals, pointing to an association with the terrestrial lifestyle, 
and adapted for feeding and a sensory role (Iwasaki  2002  ) .  

    1.4   Craniofacial Muscles and Neuromuscular Disease 

 The non-locomotor activities of feeding, sound production, breathing, facial expres-
sion, and vision are performed by the craniofacial muscles, and are altered by dis-
eases affecting these muscles. For example, strabismus impairs vision secondary to 
the loss of coordinated eye movements, laryngeal muscle dysfunction alters phona-
tion and airway protective re fl exes, facial muscle paralysis affects facial expression 
and mastication. In addition, structural factors such as craniofacial shape and the 
position of its muscles predispose to conditions such as obstructive sleep apnea, 
which affect humans almost exclusively, apparently because of the morphological 
adaptations required for speech (Davidson  2003  ) . 
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 The aforementioned examples are commonly the speci fi c craniofacial conse-
quences of systemic neuromuscular diseases. Of greater interest and perhaps more 
signi fi cant is the divergent response of at least some craniofacial muscles to major 
neuromuscular disorders. The most extensively studied example are the extraocu-
lar muscles, which are spared by Duchenne muscular dystrophy and other dystro-
phies affecting the dystrophin–glycoprotein complex, yet targeted by myasthenia 
gravis and certain mitochondrial myopathies (Kaminski and Ruff  1997 ; Porter and 
Baker  1996 ; Rowland et al.  1997  ) . The extraocular muscles, and more appropri-
ately their motor neurons, are also spared by amyotrophic lateral sclerosis (ALS); 
at most, patients on long-term ventilator support may eventually have ocular motor 
involvement (Hayashi et al.  1987  ) . The laryngeal muscles are also insensitive to 
dystrophin de fi ciency, the primary defect in Duchenne muscular dystrophy (Fry 
et al.  2010 ; Thomas et al.  2008  ) . Oculopharyngeal muscular dystrophy, a trinucle-
otide repeat disease, affects many craniofacial muscles. Ptosis and dysphagia are 
the most common signs, and include gaze limitations, tongue weakness and atro-
phy, dysphonia, and facial weakness. There are also dystonias that target speci fi c 
subgroups of craniofacial muscles, blepharospasm and laryngeal dystonia being 
the frequent examples. 

 It is unquestionably important to elucidate the pathogenesis of each neuromus-
cular disease in order to cure it or at least minimize its consequences. The contrast-
ing response of craniofacial muscles to major generalized neuromuscular disorders 
gives us a window into disease-modifying strategies.  

    1.5   A Preamble 

 The purpose of this chapter is to set the stage for this book, presenting a brief argu-
ment for the uniqueness of the craniofacial muscles. The biology of these small 
muscles is relatively unexplored. We are just beginning to understand their develop-
mental programs and the features that make them extreme examples of the skeletal 
muscle stereotype. The following chapters present an extensive survey of our knowl-
edge of the craniofacial muscles by addressing their development, structure, func-
tion, and pathology.      
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