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5.1            Introduction 

 The  neural crest  is a temporary embryonic structure that is 
composed of a population of multipotent cells that delami-
nate from the ectoderm by epitheliomesenchymal tranforma-
tion (Duband et al.  1995 ; Hay  1995 ; Le Douarin and 
Kalcheim  1999 ; Francis-West et al.  2003 ; Thiery and 
Sleeman  2006 ; Acloque et al.  2009 ; Cordero et al.  2011 ; Liu 
et al.  2012 ; Dupin and Coelho-Aguiar  2013 ). Neural-crest- 
derived cells are called  mesectodermal  or  ectomesenchymal 
cells  (mesodermal cells of ectodermal origin) that have 
arisen through EMT. The neural crest was fi rst described by 
His ( 1868 ) in the chick embryo as a  Zwischenstrang , a strip 
of cells lying between the dorsal ectoderm and the neural 
tube. Classic contributions in amphibians identifi ed interac-
tions between tissues that lead to neural crest formation, and 
were reviewed by Hörstadius ( 1950 ). Cell labelling tech-
niques, for example the quail-chick chimeric marker (Le 
Douarin  1969 ,  1973 ) and the  Cre - Lox  system (Chap.   2    ), 
showed that neural crest derivatives contribute to a large 
number of structures in the avian and mammalian species 
(Le Douarin and Kalcheim  1999 ; Le Douarin  2004 ; Dupin 
and Coelho-Aguiar  2013 ), including the spinal, cranial and 
autonomic ganglia, the enteric nervous system, the medulla 
of the adrenal gland, the melanocytes, dermal cells, corneal 
cells and many of the skeletal and connective tissues of the 
head. The whole facial and visceral skeleton and part of the 
neurocranium are formed from the neural crest (Wilkie and 
Morriss-Kay  2001 ; Morriss-Kay and Wilkie  2005 ). Many 
species-related discrepancies are present in the literature on 
the underlying developmental processes of the neural crest 
morphology and induction, EMT, neural crest cell migration 
and their targets. 

 In contrast to chick embryos, the neural crest in mam-
malian embryos is a less distinct structure and can be defi ned 
as the transition zone between the neuroectoderm and the 
presumptive epidermis from neural plate stages onwards 
(O’Rahilly and Müller  1999 ,  2007 ). In presomite murine 
embryos, however, the whole ectoderm, including the 
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 presumptive neural crest, is able to produce mesectodermal 
cells (Smits-van Prooije et al.  1985 ,  1987 ,  1988 ). These cells 
proliferate shortly after their migration into the mesoder-
mal compartment (Vermeij-Keers and Poelmann  1980 ). In 
somite stages during the transformation of the cranial neu-
roectoderm of the head folds via the neural groove into the 
neural tube, there is a balance between the outgrowth of the 
neuroectoderm and the production of mesectodermal cells 
by the neural crest and only short-distance migration of these 
cells occurs. 

 In the past it was thought that the neural crest cells were 
pre-patterned (Noden  1978a ,  b ,  1983a ), but nowadays the 
neural crest cells are considered as stem cells. These mul-
tipotent cells have been identifi ed during animal and human 
embryogenesis and can persist in many adult organs and 
tissues such as skin and teeth (Dupin and Coelho-Aguiar 
 2013 ). Additionally, it has been shown that the induction of 
the neural crest occurs much earlier than generally accepted, 
namely in gastrulation and neurulation stages (Basch et al. 
 2006 ; Steventon and Mayor  2012 ; Dupin and Coelho-Aguiar 
 2013 ). 

 The  cranial neural crest  provides the precursors of carti-
lage, bone, odontoblasts and connective tissue of the head 
(Vermeij-Keers  1990 ; Sulik  1996 ; LaBonne and Bronner- 
Fraser  1999 ; Le Douarin and Kalcheim  1999 ; Sperber  2002 ; 
Knecht and Bronner-Fraser  2002 ; Francis-West et al.  2003 ; 
Santagati and Rijli  2003 ; Cordero et al.  2011 ; Le Douarin 
and Dupin  2012 ; Dupin and Coelho-Aguiar  2013 ). During 
later developmental stages multiple places of EMT are rec-
ognized as well. In the head-neck area, for example, the neu-
rogenic or surface ectoderm placodes and the optic neural 
crest are such areas.  Neurogenic placodes , specialized 
regions of the embryonic ectoderm, are the major source of 
primary sensory neurons in the head (Johnston and Bronsky 
 1995 ; Graham and Begbie  2000 ; O’Rahilly and Müller 
 2007 ). The vasculature of the head is derived from mesoderm- 
derived endothelial precursors, whereas the neural crest pro-
vides the pericytes and smooth muscle cells of the vessels of 
the face and the forebrain (Etchevers et al.  2001 ; Dupin and 
Coelho-Aguiar  2013 ). 

 A number of craniofacial malformations have major 
neural crest involvement, and are usually referred to as 
  neurocristopathies  (Jones  1990 ; Johnston and Bronsky 
 1995 ,  2002 ; Gorlin et al.  2001 ; Cohen  2002 ; Etchevers et al. 
 2006 ; Dupin and Coelho-Aguiar  2013 ). The concept neuro-
cristopathy was introduced by Bolande ( 1974 ) to explain the 
developmental relationships among a number of dysgenetic, 
hamartomatous and neoplastic disorders, including pheo-
chromocytoma, von Recklinghausen’s neurofi bromatosis, 
Hirschsprung’s aganglionic megacolon and the multiple 
endocrine adenomatoses. A neurocristopathy was defi ned as 
a condition arising from aberrations in the early migration, 
growth and differentiation of neural crest cells. Subsequently, 

an increasing number of disorders such as retinoic acid syn-
drome, hemifacial microsomia, Treacher Collins syndrome, 
DiGeorge sequence, cleft lip and palate, frontonasal dyspla-
sia and Waardenburg syndrome have been included into the 
neurocristopathies, and more recently, the CHARGE syn-
drome (Vissers et al.  2004 ; Jongmans et al.  2006 ; Sanlaville 
et al.  2006 ; Sanlaville and Verloes  2007 ) and the Mowat- 
Wilson syndrome (Mowat et al.  1998 ,  2003 ). Apart from 
craniofacial malformations the neurocristopathies may be 
associated with developmental disorders of the CNS. 

 A group of craniofacial disorders are the result of defects 
in primary cilia. These  craniofacial ciliopathies  include 
Bardet-Biedl, Meckel-Gruber, oral-facial-digital type 1 and 
Joubert syndromes (Brugmann et al.  2010 ). Major cranio-
facial malformations are also found in the various types 
of holoprosencephaly (HPE) and in craniosynostoses. 
 Holoprosencephaly  is an early disorder of pattern formation 
that may lead to closely related forebrain and facial malfor-
mations. In the fetal period,  craniosynostoses  are frequent 
(approximately one in 2,500 children) craniofacial malfor-
mations due to agenesis or premature ossifi cation of the 
cranial sutures, caused by mutations in  FGFR1 - 3  and other 
genes (Wilkie  1997 ; Cohen and MacLean  2000 ; Gorlin et al. 
 2001 ; Jabs  2002 ; Morriss-Kay and Wilkie  2005 ; Kweldam 
et al.  2011 ), that may interfere with normal brain develop-
ment to varying degrees. 

 In this chapter, the neural crest and its derivatives 
(Sect.  5.2  and  5.3 ) and craniofacial development (Sect.  5.4 ) 
will be discussed, followed by an overview of the neurocris-
topathies (Sect.  5.5 ), craniofacial ciliopathies (Sect.  5.6 ), 
HPE (Sect.  5.7 ) and abnormal development of the skull 
(Sect.  5.8 ), leading to CNS malformations. The neuropathol-
ogy of HPE will be discussed in Chap.   9    .  

5.2      Induction and Epitheliomesenchymal 
Transformation (EMT) of the 
Neural Crest  

 Neural crest cells are induced at the border between the neu-
roectoderm and the non-neural or surface ectoderm (Fig.  5.1 ). 
During the formation of the neural tube in the chick embryo, 
neural crest progenitors come to lie in or directly adjacent 
to the dorsal neural tube (Le Douarin and Kalcheim  1999 ; 
Creuzet et al.  2005 ). Depending on the species, neural crest 
cells leave the neuroepithelium before, during or after neural 
tube closure, and ‘migrate’ throughout the body. To do so, 
neural crest cells must lose their epithelial characteristics and 
take on the properties of migratory mesenchymal cells. Wheat 
germ agglutinin gold (WGA-Au) labelling experiments in 
murine embryos (Smits-van Prooije et al.  1985 ,  1987 ,  1988 ) 
and 1,1 ′ -dioctadecyl–3,3,3′,3′-tetramethylindocarbocyanine 
(DiI) labelling in chick embryos (Kulesa and Fraser  1998 ) 
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have shown that migration of neural crest cells is random. 
In contrast, cell-free spaces underneath the chick neuroecto-
derm and surface ectoderm may, provide specifi c pathways 
for migrating neural crest cells (Le Douarin  1969 ,  1973 ). In 
quail-chick chimeras, however, cell-free spaces may be cre-
ated artifi cially. Chemoattractive signals such as fi broblast 
growth factor (FGF) may also play a role in the control of 
neural crest cell migration (Kubota and Ito  2000 ; Francis-
West et al.  2003 ), but the exact mechanism of migration 
remains unknown. Neural crest cells appear to form a reticu-
lar network and cooperate and proliferate during migration 
(Noden and Trainor  2005 ; Mayor and Theveneau  2013 ).

    Induction  of the neural crest appears to be a complex 
multistep process that involves many genes (LaBonne and 
Bronner-Fraser  1999 ; Aybar and Mayor  2002 ; Knecht and 
Bronner-Fraser  2002 ; Gammill and Bronner-Fraser  2003 ; 
Wu et al.  2003 ; Sauka-Spengler and Bronner-Fraser  2008 ; 
Steventon and Mayor  2012 ). Steventon and Mayor ( 2012 ) 
presented a three-step model for neural crest development: 
neural plate border induction, neural crest induction and neu-
ral crest maintenance. In these steps different levels of Wnt 
and/or BMP signalling are required. The neural plate border 
induction and neural crest induction, in chick and  Xenopus  
embryos, require an inhibition and an increase in the level of 
Wnt signalling, respectively. For neural crest maintenance, 
activation of both Wnt and BMP is needed. In addition, FGFs 
and retinoic acid are likely to be important for the neural 
plate border induction. The neural crest can be distinguished 
by the expression of molecular markers, termed neural crest 
specifi ers, such as the transcription factors of the  Snail  fam-
ily, Snail and Slug, and  Sox9 ,  Sox10 ,  FoxD3 Twist  and  Id3  in 
 Xenopus , zebrafi sh, chick and mouse (Mayor et al.  1995 ; 
Sefton et al.  1998 ; Linker et al.  2000 ; Aybar et al.  2003 ; 
Steventon and Mayor  2012 ). Many of these neural crest 
specifi ers also control the EMT. The  generation  of  neural 
crest cells  appears towards the end of gastrulation (Steventon 
and Mayor  2012 ). 

 The  epitheliomesenchymal transformation  ( EMT ) of 
emerging neural crest cells is accompanied by the expression 
of the zinc-fi nger transcription factor Slug (Snail2). In chick 
and  Xenopus  embryos, its expression is maintained during 
the phase of crest cell migration (Nieto et al.  1994 ; LaBonne 
and Bronner-Fraser  2000 ; Basch et al.  2006 ).  Slug  mutant 
mice, however, do not show defects in either neural crest or 
mesodermal tissues (Jiang et al.  1998 ). In mice, another fam-
ily member, Snail1, rather than Slug (Snail2) is expressed in 
the regions undergoing EMT (Cano et al.  2000 ; Locascio and 
Nieto  2001 ; Knecht and Bronner-Fraser  2002 ; Gammill and 
Bronner-Fraser  2003 ; Cordero et al.  2011 ).  Snail1  mutant 
mice die at gastrulation as a result of defects in mesoderm 
formation arising from defi cient EMT. 

 EMT is a multi-step process: emerging neural crest cells 
must lose their apicobasal polarity, simultaneously disas-
semble intercellular adhesion complexes that are required 
for epithelial formation and degrade/disrupt their basal lam-
ina (Thiery and Sleeman  2006 ; Acloque et al.  2009 ; Cordero 
et al.  2011 ; Theveneau and Mayor  2012 ; Mayor and 
Theveneau  2013 ). The disassembly of intercellular com-
plexes involves members of the cadherin family. When the 
dynamic concert of cadherin gene expression fails to occur 
in the proper manner, neural crest cell migration is disrupted 
and the result is a perturbation in craniofacial development. 
SIP1, SNAIL (SNAIL1 and SNAIL2, formerly known as 
SLUG) (Comijn et al.  2001 ; Van de Putte et al.  2007 ) and 
 Foxd3  and  Sox9 / 10  are known genes that control cadherin 

  Fig. 5.1    The early development of the human neural crest in a Carnegie 
stage 10 embryo. At rostral levels ( a ), crest material is formed before 
closure of the neural groove, whereas at more caudal levels ( b – d ) clo-
sure of the neural folds precedes migration of crest material (After 
Müller and O’Rahilly ( 1985 ))       
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activation in the trunk neural crest cells, whereas in the 
cephalic region additional factors such as  Ets1 ,  LSox5  and 
p53 are required (Mayor and Theveneau  2013 ). Vermeij- 
Keers and Poelmann ( 1980 ) described cell death (apopto-
sis) within the neural crest preceding the onset of its 
ectodermal disruption, which is confi rmed by Smits-van 
Prooije et al. ( 1985 ). Furthermore, the fi rst authors sug-
gested that cell death is related to neural crest cell EMT. In 
cancer research studies this relationship has been estab-
lished by TGF-β induction in mouse hepatocytes, which is 
determined by cell cycle stage (Song  2007 ), but indepen-
dent of, for example p53 (Sheahan et al.  2008 ). Thiery and 
Sleeman ( 2006 ) suggested that EMT during embryogenesis 
is triggered by components of the extracellular matrix as 
well as soluble growth factors such as members of the 
TGF-β and FGF families. By contrast, they underlined the 
fact that  Sox9  and  Snail1  have an anti-apoptotic function as 
well, giving epithelial cells the needed protection from 
apoptosis during EMT. 

 Microdeletions or mutations in the  SIP  gene have been 
identifi ed in patients with  Mowat - Wilson syndrome  
(Dassot-Le Moal et al.  2007 ; Saunders et al.  2009 ), an auto-
somal dominant disorder characterized by distinct facial dys-
morphisms, microcephaly, intellectual disability and epilepsy 
(Mowat et al.  1998 ,  2003 ). 

 Transcriptional misregulation of sets of genes involved 
in EMT is hypothesized to contribute to the pathogenesis of 
 CHARGE syndrome , a sporadic autosomal dominant disor-
der characterized by ocular coloboma, choanal atresia, heart 
malformations, growth restriction and genital and ear abnor-
malities (Verloes  2005 ; Sanlaville and Verloes  2007 ). Human 
mutations in the chromodomain helicase DNA-binding 

domain-7 member (CHD7) result in CHARGE  syndrome 
(Vissers et al.  2004 ; Jongmans et al.  2006 ; Sanlaville and 
Verloes  2007 ). During human embryonic development 
 CHD7  is expressed in the CNS and neural crest mesen-
chyme of the pharyngeal arches (Sanlaville et al.  2006 ). 
Knockdown studies in  Xenopus laevis  embryos resulted in 
abnormal migration of neural crest cells into the pharyngeal 
arches and a phenotype consistent with CHARGE syndrome 
(Bajpai et al.  2010 ).  

5.3      Derivatives of the Neural Crest 

 The neural crest is the major source of mesenchymal cells in 
the head and neck, and in addition gives rise to sensory gan-
glia, autonomic and enteric ganglia as well as to pigment 
cells of the skin. In the postcranial region, mesenchyme 
forming the connective tissues is mesodermal in origin 
(Table  5.1 ). The chick neural crest can be divided into four 
main domains (Le Douarin and Kalcheim  1999 ; Creuzet 
et al.  2005 ; Bronner and Le Douarin  2012 ): (1) the  cranial  or 
 cephalic neural crest , giving rise to the craniofacial mesen-
chyme in particular; (2) the  trunk neural crest , giving rise 
to the dorsal root and sympathetic ganglia; (3) the  vagal  and 
 sacral neural crest , generating the parasympathetic (enteric) 
ganglia of the gut (the enteric nervous system); and (4) the 
 cardiac neural crest , located between the cranial and trunk 
neural crests. In chick embryos, the cardiac neural crest pro-
duces the musculoconnective tissue for the large arteries 
arising from the heart and contributes to the separation of the 
truncus arteriosus into the pulmonary artery and aorta (Le 
Lièvre and Le Douarin  1975 ; Kirby  1987 ; Kirby and Waldo 

   Table 5.1    Derivatives of neural crest cells   

 Connective tissues  Ectomesenchyme of facial prominences and pharyngeal arches 
 Bones and cartilage of facial and visceral skeleton 
 Dermis of face and ventral aspect of neck 
 Stroma of salivary, thymus, thyroid, parathyroid and pituitary glands 
 Corneal mesenchyme 
 Sclera and choroid optic coats 
 Blood vessel walls; aortic arch arteries 
 Dental papilla; part of periodontal ligament; cementum 

 Muscle tissues  Ciliary muscles 
 Covering connective tissues of pharyngeal-arch muscles (masticatory, facial, faucial, laryngeal) 

 Nervous tissues  Supporting tissues: leptomeninges of prosencephalon and part of the mesencephalon; glia; Schwann’s sheath cells 
 Sensory ganglia: spinal dorsal root ganglia; and sensory ganglia of trigeminal, facial, glossopharyngeal and vagal nerves 
 Autonomic nervous system: sympathetic ganglia and plexuses; parasympathetic ganglia 

 Endocrine tissues  Adrenomedullary cells and adrenergic paraganglia 
 Calcitonin parafollicular cells of thyroid gland 
 Carotid body 

 Pigment cells  Melanocytes in all tissues 
 Melanophores of iris 

  After Le Douarin and Kalcheim ( 1999 ), Sperber ( 2001 )  
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 1990 ; Bronner and Le Douarin  2012 ). The cranial neural 
crest is the only part of the neural crest that is able to produce 
cartilage and bone.

5.3.1       The Cranial Neural Crest 

 During neural tube closure in the chick embryo, cranial neu-
ral crest cells migrate into the underlying tissues as mesen-
chyme ( ectomesenchyme or mesectoderm ), forming a 
lineage of pluripotential stem cells that give rise to diverse 
tissues (Le Douarin and Kalcheim  1999 ; Creuzet et al.  2005 ; 
Bronner and Le Douarin  2012 ). In contrast, in mice the entire 
ectoderm of early presomite embryos and the ectoderm of 
the head folds (presumptive neurectoderm and surface ecto-
derm) in late presomite and early somite embryos are able to 
deposit mesectodermal cells into mesodermal compartments 
(Vermeij-Keers and Poelmann  1980 ; Smits-van Prooije et al. 
 1985 ,  1987 ; Tan and Morriss-Kay  1985 ; Boshart et al.  2000 ). 
Later, in 4–5-somite embryos the ectoderm of the head folds 
is differentiated into neurectoderm and surface ectoderm. 
From four-somite up to 20-somite murine embryos, that is 
even after the closure of the rostral neuropore, the cranial 
neural crest is active. In human embryos the fi rst activity is 
seen in stage 9; from stage 9 (one to three somites) up to 
stage 10 (four to 12 somites), ectomesenchymal cells arise 
from parts of the head/neural folds, representing, the mesen-
cephalic, trigeminal and facial crest (Müller and O’Rahilly 
 1983 ,  1985 ; O’Rahilly and Müller  2007 ). Thus in murine 
and human embryos the neural crest activity starts when the 
head/neural folds are wide open. In chick embryos, however, 
this activity coincides with the fusion of the neural folds 
(Theveneau and Mayor  2012 ). 

 O’Rahilly and Müller ( 2007 ) analysed the development 
of the neural crest in 185 serially sectioned staged human 
embryos. They found that: (1) a mesencephalic neural crest 

is discernible at stage 9, and trigeminal, facial and postotic 
components can be detected at stage 10; (2) crest was not 
present at the level of the diencephalon (D2); although the 
pre-otic crest from the neural folds is at fi rst continuous 
(stage 10),  crest - free  zones are soon observable (stage 11) in 
rhombomeres 1, 3 and 5; (3) migration of the cranial neural 
crest from the neural folds begins before closure of the ros-
tral neuropore, and later crest cells do not accumulate above 
the neural tube; (4) the trigeminal, facial, glossopharyngeal 
and vagal ganglia, which develop from crest that migrates 
before the neural folds have fused, continue to receive contri-
butions from the roof plate of the neural tube after its clo-
sure; (5) the nasal crest and the terminalis-vomeronasal 
complex are the last components of the cranial crest to appear 
(stage 13) and they persist longer; (6) the optic, mesence-
phalic, isthmic, accessory and hypoglossal crest do not form 
ganglia. A summary of the neural crest streams for a stage 
15, 33-day-old human embryo is shown in Fig.  5.2 . In the 
literature, there is discussion about the existence of neural 
crest activity in the mammalian forebrain. In human embryos 
no contribution was found with the exception of the optic 
region (O’Rahilly and Müller  2007 ). In murine embryos, 
however, the neural crest of the whole forebrain deposits 
cells which contribute to the facial swellings (Smits-van 
Prooije et al.  1988 ; Morriss-Kay et al.  1993 ). Additionally, as 
a result of the mesectoderm formation, starting in presomite 
stages, nearly all cells of the mesodermal compartment of 
the head are mesectodermal cells, thus including those of the 
facial prominences. These cells are derived from both the 
neural and optic crest and the neurogenic placodes.

   In contrast to murine embryos, the embryonic promi-
nences of the chick face and neck (the so-called frontonasal 
process and the pharyngeal arches) are dependent on mesen-
cephalic and rhombencephalic neural crest activity (Fig.  5.3 ; 
Couly and Le Douarin  1990 ). Recently, Le Douarin and 
co- workers described that only the most rostral part of the 

  Fig. 5.2    A stage 15, 33-day-old 
human embryo upon which are 
depicted the neural crest streams 
emanating from the rhombomeres, 
infl uenced by  HOX  gene 
expression patterns.  E  eye,  FB  
forebrain,  FNP  frontonasal 
prominence,  HB  hindbrain,  HRT  
heart,  MB  midbrain,  OV  otic 
vesicle,  r1 – r8  rhombomeres,  pa1 , 
 pa2 , pharyngeal arches 1 and 2 
(From Sperber et al. ( 2010 ); with 
permission)       
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 forebrain, instead of the whole forebrain, does not produce 
neural crest cells in chick embryos (Bronner and Le Douarin 
 2012 ; Le Douarin et al.  2012 ; Theveneau and Mayor  2012 ). 
As a consequence long-distance migration may be required to 
invade the prominences of the face and neck. This migration 
starts from regions rostral to rhombomere 6, taking one of 
three major  migratory pathways  or streams (Lumsden and 
Guthrie  1991 ; Sechrist et al.  1993 ; Kulesa and Fraser  2000 ; 
Creuzet et al.  2005 ; Noden and Trainor  2005 ; Theveneau and 
Mayor  2012 ; Fig.  5.4 ): (1) cells from the fi rst and second 
rhombomeres migrate into the fi rst pharyngeal (mandibular) 
arch, forming the mandibula, incus and malleus, and contrib-
uting to the trigeminal ganglion; these cells also generate the 
facial skeleton; (2) cells from the fourth rhombomere invade 
the second pharyngeal arch and form the hyoid cartilage and 
the facial and vestibulo-acoustic ganglia; and (3) cells from 
the sixth rhombomere migrate into the third and fourth pha-
ryngeal arches and pouches to form the thymus, the parathy-
roid and thyroid glands, and the superior and jugular ganglia. 
Neural crest cells from the third and fi fth rhombomeres enter 
the migrating streams of neural crest cells of the adjacent 
rhombomeres. Those that do not enter the various migratory 
streams will die (Graham et al.  1993 ,  1994 ; Sechrist et al. 
 1993 ). The apoptotic elimination of neural crest cells in the 
third and fi fth rhombomeres involves the induction of high- 
level BMP expression in the neural crest, which stimulates 
expression of the homeobox gene  Msx2  (Graham et al.  1994 ; 
Creuzet et al.  2005 ). In mice, a similar pattern of neural crest 
migration pathways has been found (Golding et al.  2000 ; 
Trainor et al.  1994 ,  2002 ; Trainor and Krumlauf  2000 ). The 
separate streams are kept apart by ephrins (Golding et al. 
 2000 ; Trainor and Krumlauf  2000 ; Noden and Trainor  2005 ; 
Theveneau and Mayor  2012 ).

    Experimental studies using transposition of the avian neu-
ral folds (Noden  1978a ,  b ,  1983a ) led to the concept that 
the spatial organization of cranial structures is the result 
of a  prepatterning mechanism  before cells migrate from 
the neural crest. The ordered domains of  Hox  gene expres-
sion in the neural tube and neural crest were later assumed 
to be a molecular correlate of the prepatterning mecha-
nism. However, plasticity of  Hox  gene expression has been 
observed in the hindbrain and postotic neural crest of chick, 
mouse and zebrafi sh embryos (Trainor and Krumlauf  2000 ; 
Gammill and Bronner-Fraser  2003 ; Santagati and Rijli  2003 ; 
Creuzet et al.  2005 ; Noden and Trainor  2005 ). Although the 
neural crest seems to play an important role in arch pattern-
ing, there are also patterning mechanisms that are established 
independently in the pharynx. Therefore, the formation 
of the pharyngeal apparatus must result from integration 
between these patterning systems (Graham and Smith  2001 ; 
Graham et al.  2004 ). Recent studies, however, demonstrated 
that the neural crest of avian and mammals is a highly plu-
ripotent structure. The cephalic as well as the trunk neural 
crest showed existence of multipotent precursors giving rise 
to all major neural crest lineages including self-renewing 
stem cells (Dupin and Coelho-Aguiar  2013 ). 

 The neural crest most probably plays a more prominent 
role in patterning the rostral, preotic arches but a lesser 
role in the caudal, postotic arches. The development of the 
branchial arches involves retinoic acid dependent mecha-
nisms. Neural crest cells migrating into branchial arches 
3–6, however, are not the primary targets of retinoic acid, 
but pharyngeal epithelial cells are. Retinoic acid signalling is 
indispensable for the development of the pharyngeal epithe-
lia of these branchial arches (Niederreither et al.  2003 ; Mark 
et al.  2004 ). 

a b c  Fig. 5.3    Fate map of the 
ectodermal territories in the chick 
embryo from the three-somite 
stage ( a ) to the 8-day embryo ( c ). 
( b ) The rhombomeres ( r1 ,  r3 ,  r6 , 
 r8 ) and the cranial nerves 
supplying the pharyngeal arches 
( 1 – 4 ) are shown.  pmax  maxillary 
prominence,  V  trigeminal nerve, 
 VII  facial nerve,  IX  
glossopharyngeal nerve,  X  vagus 
nerve (After Couly and Le 
Douarin ( 1990 ))       
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 The  segmented expression  of  Hox   genes  in the hind-
brain is refl ected in the neural crest cells which express a 
complement of  Hox  genes characteristic for their level of ori-
gin (Hunt et al.  1991 ; Capecchi  1997 ; Favier and Dollé  1997 ; 
Rijli et al.  1998 ; Trainor and Krumlauf  2000 ; Santagati and 
Rijli  2003 ; Creuzet et al.  2005 ; Noden and Trainor  2005 ; 
Alexander et al.  2009 ; Barber and Rastegar  2010 ; Fig.  5.4 ). 
Each rhombomere and pharyngeal arch is characterized by 
its own complement of  Hox  genes, its  Hox   code . In the avian 
embryo, most of the skull and all of the facial and visceral 
skeleton are derived from the cephalic neural crest (Le 
Douarin et al.  2012 ). Neural crest cells participating in mem-
branous bones and cartilages arise from the posterior half of 

the diencephalon, the mesencephalon and the rhombenceph-
alon. They can be divided into an  anterior ,  Hox - negative , 
 domain  (extending down including rhombomere 2) and a 
 posterior ,  Hox - positive ,  domain . The transition between 
these two domains corresponds to rhombomere 3 (Fig.  5.4 ). 
The neural crest cells that form the facial skeleton belong 
exclusively to the anterior  Hox -negative domain (the facial 
skeletogenic neural crest) and develop from the fi rst bran-
chial arch. Rhombomere 3 participates modestly to both the 
fi rst and second branchial arches. Forced expression of  Hox  
genes ( Hoxa2 ,  Hoxa3  and  Hoxb4 ) in the neural fold of the 
anterior domain inhibits facial skeleton development (Couly 
et al.  1998 ,  2002 ; Creuzet et al.  2002 ,  2005 ). Moreover, sur-
gical excision of these anterior neural crest cells results in the 
absence of the facial skeleton. FGF8 also plays a key role in 
the development of the facial skeleton (Creuzet et al.  2004 , 
 2005 ; Le Douarin et al.  2012 ). 

 In human embryos, Vieille-Grosjean et al. ( 1997 ) showed 
that the pattern of  HOX  gene expression in the rhombomeres 
and pharyngeal arches is similar to that observed in mice. 
The mouse  Hoxb2  gene, which is expressed in the hindbrain 
up to the boundary between the second and third rhombo-
meres, has an expression domain that extends caudally from 
the second pharyngeal arch (Fig.  5.4 ).  Hoxb3  is expressed as 
far rostrally as the rhombomere 4 – rhombomere 5 boundary 
and from the third pharyngeal arch caudally.  Hox  genes are 
required for the normal morphogenesis of arch-derived skel-
etal elements. Mice with targeted disruptions in the paralo-
gous genes  Hoxa3  and  Hoxd3 , which are expressed in the 
third and fourth arches, display defects in the laryngeal carti-
lages (Condie and Capecchi  1994 ). Mice that lack the  Hoxa2  
gene show a transformation of second arch skeletal elements 
into components of the fi rst arch (Gendron-Maguire et al. 
 1993 ; Rijli et al.  1993 ), suggesting that specifi cation of crest 
cells to fi rst arch components requires the downregulation of 
 Hoxa2. Hoxa3  knockouts show specifi c deletions or hypo-
plasias of structures derived from the third arch, resembling 
DiGeorge syndrome. They lack a thymus and parathyroid 
glands, have a reduced thyroid gland and show malforma-
tions of the laryngeal cartilages and muscles, and of the heart 
(Chisaka and Capecchi  1991 ; Manley and Capecchi  1995 ). 
Decreased embryonic retinoic acid synthesis also results in 
a DiGeorge syndrome phenotype in newborn mice (Vermot 
et al.  2003 ; Mark et al.  2004 ).  Dlx  genes may be involved in 
intra-arch identity (Depew et al.  2005 ).  

5.3.2       The Trunk Neural Crest 

 In the trunk of chick and mouse, neural crest activity is 
observed only after closure of the neural tube; it extends in a 
rostral to caudal direction following the fusing neural walls 
at some distance. In the trunk the neural crest activity started 

  Fig. 5.4    Neural crest progenitors, cranial nerves and myogenic pri-
mordia in an early avian embryo. ( a ) Lateral view of the brain; ( b ) neu-
ral crest movements indicated in  light red ; ( c )  Hox  gene expressions (in 
 red ); ( d ) muscles (in  light grey ) arising from the unsegmented paraxial 
mesoderm (in  medium red ) and from the somitomeres ( s1 – s5 , also in 
 medium red ); ( e ) pharynx and pharyngeal pouches.  ev  eye vesicle,  FNP  
frontonasal prominence,  mes  mesencephalon,  IO  inferior oblique,  IR  
inferior rectus,  LB  long bud,  LM  laryngeal muscles,  LR  lateral rectus, 
 Md  mandibular prominence,  MR  medial rectus,  Mx  maxillary promi-
nence,  r1 – r6  rhombomeres,  SO  superior obliqie,  SR  superior rectus, 
 TM  tongue muscles,  1 – 4  pharyngeal arches and pouches (After Noden 
and Trainor ( 2005 ))       
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relatively late and large amounts of cells were not produced 
(Smits-van Prooije et al.  1985 ; Theveneau and Mayor  2012 ). 
The  migratory pathways  of trunk neural crest cells are ste-
reotyped and have been defi ned by various types of labelling 
experiments using grafts of Japanese quail crest into chick 
embryos, immunostaining for cell surface markers such as 
HNK-1 or fl uorescent dyes such as DiI (Le Douarin and 
Kalcheim  1999 ) and more recently, using time-lapse tech-
niques (Kulesa and Fraser  1998 ,  2000 ). Two main directions 
of movement were found (Fig.  5.5 ): a  dorsolateral path-
way  for crest cells that differentiate into melanocytes, and a 
 ventral pathway  between neural tube and somites that gives 
rise to the dorsal root and sympathetic ganglia, to the enteric 
nervous system, to Schwann cells and to chromaffi n cells for 
the adrenal gland (Le Douarin and Kalcheim  1999 ). Crest 
cells pass only via the anterior part of the sclerotome. The 
migration path taken by trunk neural crest cells is guided 
by extracellular matrix molecules surrounding the neural 
tube. Fibronectin, laminin, tenascin and proteoglycans pro-
mote their migration (Newgeen et al.  1986 ), whereas ephrin 

 proteins present in the posterior part of the sclerotome restrict 
neural crest migration to the anterior part of the sclerotome 
(O’Leary and Wilkinson  1999 ). In human embryos, the trunk 
neural crest participates at stage 12 in the formation of the 
pia mater, the spinal ganglia and the sympathetic trunk and 
ganglia, and at stages 13–14 in the formation of the sheaths 
of the dorsal and ventral roots (O’Rahilly and Müller  1999 ). 
However, this long distance migration of the trunk neural 
crest cells has been challenged by Gasser ( 2006 ). Using ref-
erence points in rat and human embryos during successive 
developmental stages, he demonstrated that ‘migration’ of 
trunk crest cells can be explained by differential growth. This 
explanation, i.e. relative displacement of organs/tissues, was 
already suggested by Smits-van Prooije et al. ( 1988 ), using 
WGA-Au as a marker.

   In avian embryos, neural crest cells that colonize the  gut  
migrate from two regions of the neuraxis (Le Douarin and 
Teillet  1973 ; Le Douarin and Kalcheim  1999 ): neural crest 
cells arising at vagal levels (somites 1–7) colonize the entire 
length of the gut, whereas those arising at the sacral level 
contribute only to the innervation of the postumbilical part 
of the digestive tract. Comparable data were obtained in 
mouse embryos (Durbec et al.  1996 ). After homing at dis-
tinct levels of the gut, crest-derived cells differentiate into 
the ganglia of the myenteric Auerbach and the submucosal 
Meissner plexuses, forming the  enteric nervous system  
(Furness and Costa  1987 ; Heaton et al.  1988 ).  Aganglionic 
megacolon  is characterized by the absence of enteric gan-
glion cells. In 1887, Hirschsprung described two patients 
with chronic obstipation and congenital megacolon. 
 Hirschsprung disease  or  congenital aganglionosis  appears 
to be due to absence of ganglion cells in variable lengths of 
the rectum and colon. It occurs in one in 5,000 live births 
with a male preponderance. Children with aganglionosis 
present with intestinal obstruction or chronic constipation. 
The severity of the presentation does not necessarily corre-
late to the length of the aganglionic segment. Aganglionic 
segments begin at the internal anal sphincter and extend 
proximally. The constant histological abnormality is the 
absence of ganglion cells in affected segments and the pres-
ence of large nerve trunks in the submucosal and myenteric 
plexuses (Howard and Garrett  1970 ; Kleinhaus et al.  1979 ; 
Clinical Case  5.1 ). 

  Fig. 5.5    Migratory pathways of chick trunk neural crest cells.  adm  
adrenal medulla (chromaffi n cells),  ao  aorta,  drg  dorsal root ganglion 
cells,  intg  intestinal ganglion cells,  mc  melanocytes,  nc  neural crest,  nch  
notochord,  nt  neural tube,  pag  paravertebral ganglion cells,  prg  prever-
tebral ganglion cells,  som  somite       

 

5 The Neural Crest and Craniofacial Malformations



227

 Clinical Case 5.1. Congenital Aganglionosis 

  Case Report . After an uneventful pregnancy, a boy was 
born at 41 gestational weeks with a normal birth weight 
of 4,020 g. Shortly after birth, feeding problems with 
food refusal and recurrent vomiting became apparent. 
An X-rayof the abdomen showed much intestinal air and 
on contrast radiography of the colon, there was a charge 
of calibre at the rectal level. A suction biopsy revealed 

absence of ganglion cells at this level and confi rmed the 
diagnosis  Hirschsprung disease . A transanal endorec-
tal pull-through operation was performed and the last 
32 cm of the rectum and colon was resected (Fig.  5.6 ). 
Postoperatively, the boy was without any problems. No 
ganglionic cells were found in the submucosal and mus-
cular plexus of the distal rectum (Fig.  5.7 ).

    This case was kindly provided by Martin Lammens 
(Antwerpen). 

  Fig. 5.6    Subtotal colectomy specimen with distal narrowing of the lumen (at the  left ) and extreme widening of the colon above the stenotic 
region ( megacolon  at the  right ; courtesy Martin Lammens, Nijmegen; from ten Donkelaar et al. ( 2011 ))       

aa bb

cc d

  Fig. 5.7    Biopsies of the specimen shown in Fig.  5.6 : ( a ,  c ) biop-
sies of the stenotic region: no ganglion cells are present in the sub-
mucosa ( a ; HE-stained frozen section), whereas thickened nerve 
 bundles are found in the submucosa and pathological staining of 
the thickened nerve fi bres in the mucosa ( c ; acetylcholinesterase 

 histochemistry); ( b ,  d ) biopsies of the dilated proximal part with 
presence of  ganglion cells in the submucosa ( arrow  in  b ; HE-stained 
frozen section) and almost absent staining of mucosal nerve fi bres 
( d ; acetylcholinesterase histochemistry; courtesy Martin Lammens, 
Nijmegen; from ten Donkelaar et al. ( 2011 ))       
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5.4         Craniofacial Development 

 Prior to a discussion of neurocristopathies and other cranio-
facial malformations involving the CNS, the development of 
the face, the pharyngeal arches and the skull will be briefl y 
discussed. Knowledge of the normal developmental events 
that shape the craniofacial region is necessary for under-
standing the changes that result in malformations of this 
region. The following description is largely based on 
Hinrichsen ( 1985 ,  1990 ) and Vermeij-Keers ( 1990 ). 

5.4.1     Early Development of the Face 

 The early development of the forebrain and face is character-
ized by the formation and subsequent transformation of the 
so-called head folds (Vermeij-Keers  1990 ): fi rst, the neural 
walls with the eye primordia, than the otic disc, the pharyn-
geal arches and, fi nally, the lens placode and the nasal plac-
ode. These transformations show a rather basic pattern of 
development, outgrowth of swellings forming and surround-
ing a cavity or groove that is subsequently closed partly or 
totally as a result of fusion of the swellings. The fi rst slightly 
lordotic shape of the human embryo facilitates the initial 
fusion process of the neural walls transforming the neural 
groove into the neural tube (Chap.   4    ). Later, the lordosis 
changes into a kyphosis, enabling the transformation of the 
pharyngeal arches and the formation of the neck. The devel-
opment of the  head  or  cephalic folds  in human and murine 
embryos is comparable (van Oostrom  1972 ; Vermeij-Keers 
 1990 ; Sulik  1996 ). In human embryos, the development of 
the head folds takes place during stages 8–9 (O’Rahilly 
 1973 ; O’Rahilly and Müller  1981 ; Müller and O’Rahilly 
 1983 ), and in mouse embryos around 7.5 days  post coitum  
(E7.3-E7.7) at which time the head folds are covered with 
columnar epithelium (van Oostrom  1972 ). The border of the 
head folds is the transition of the surface ectoderm and the 
amnion. At stage 8, O’Rahilly and Müller ( 1981 ) described 
the head folds already as  neural folds . They are the fi rst ros-
tral structures to appear in the embryo, and continue caudally 
as the neural plate. In four- to seven-somite mouse embryos, 
the head folds grow out rapidly, and a separation into lateral, 
thin (surface ectoderm of the head-neck region) and medial, 
thick (neuroectoderm of the forebrain, midbrain and hind-
brain) parts becomes evident. At the transition of both parts, 
the  cranial neural crest , the neuroectoderm produces mes-
ectodermal or ectomesenchymal cells. 

 In amphibians, Adelmann ( 1936 ) showed that within the 
rostral neural plate a median population of cells, the  eye 
fi eld , segregates into two lateral primordia, the future optic 
vesicles. Experimental removal of the prechordal plate 
resulted in failure of separation of the midline structures of 
the rostral neural plate, leading to cyclopia as is also found in 

the most severe forms of HPE. The separation of the eye fi eld 
is dependent upon interactions with the underlying meso-
derm. The resulting degree of bilateralization of the eyes and 
forebrain has a profound effect on the subsequent morpho-
genesis of the face. In amphibian and chick embryos, the pri-
mordia of the eyes are found in the rostral neural plate, just 
caudal to the anterior neural ridge (Couly and Le Douarin 
 1988 ; Eagleson and Harris  1990 ; Eagleson et al.  1995 ; Chap. 
  2    ). Cyclopic animals such as the zebrafi sh mutant  cyclops  
(Hatta et al.  1991 ,  1994 ; Varga et al.  1999 ; Schier  2001 ) have 
a defect in the development of the optic stalk and chiasm. 
The single vertebrate eye fi eld is characterized on the molec-
ular level by the expression of the so called eye-fi eld tran-
scription factors (Zuber et al.  2003 ; Graw  2010 ). Subsequently, 
this fi eld is separated into two optic primordia under the con-
trol of the  cyclops  gene. This gene is expressed in the pre-
chordal plate mesoderm and contributes to the signal that 
establishes the ventral midline of the brain. Mice lacking the 
 Shh  gene demonstrate cyclopia and abnormal axial pattern-
ing (Chiang et al.  1996 ). Secreted factors such as Sonic 
hedgehog (SHH; Chiang et al.  1996 ) and FGF8 (Sun et al. 
 1999 ) play important roles before and during patterning of 
the neural plate (Chap.   9    ). In chick embryos, FGF8 and SHH 
signalling pathways are also required during early morpho-
genesis of the forebrain and frontonasal process (Schneider 
et al.  2001 ). The  Distal - less  related gene  Dlx5  is also required 
for normal development of the frontonasal process (Acampora 
et al.  1999 ). In human embryos, O’Rahilly and Müller ( 1999 ) 
suggested a single eye fi eld at stage 8 that is situated directly 
above the prechordal plate. The prechordal plate suppresses 
the median part, so that bilateral optic primordia are formed, 
presumably still in stage 8 embryos. Vermeij-Keers et al. 
( 1987 ) found evidence for the existence of bilateral optic pri-
mordia in human cyclopia cases. 

 During the transformation of the head folds into the cra-
nial neural walls or neural folds, the  optic primordia  (optic 
sulci) develop within the neuroectoderm as two separate 
shallow grooves (Fig.  5.8a, b ; mouse, seven-somite embryo: 
Smits-van Prooije et al.  1985 ; man, stage 10: Müller and 
O’Rahilly  1985 ). Close to the margin of the neuroectoderm 
the  otic disc  develops as a concavity of columnar epithelium 
in the surface ectoderm (three-somite mouse embryo: 
Verwoerd and van Oostrom  1979 ; man, stage 9: Müller and 
O’Rahilly  1983 ). Meanwhile, the caudal part of the neural 
folds transforms via the neural groove into the neural tube. 
The initial contact between the neural walls takes place in the 
caudal part of the rhombencephalic folds or in the upper cer-
vical neural folds (mouse, fi ve-somite embryo: Smits-van 
Prooije et al.  1985 ; man, stage 10: Müller and O’Rahilly 
 1985 ; Nakatsu et al.  2000 ). Rostrally, in the head other points 
of closure occur in the mouse embryo (Geelen and Langman 
 1977 ; Sakai  1989 ; Golden and Chernoff  1993 ) as well as in 
the human embryo (Müller and O’Rahilly  1985 ; Golden and 
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Chernoff  1995 ; Nakatsu et al.  2000 ; Chap.   4    ). The fi nal clo-
sure of the rostral neuropore is located between two areas of 
ectodermal, cuboidal or columnar epithelium, the  nasal 
fi elds  (the  Nasenfelder  of His  1885 ), in mice in 15-somite 
embryos (Vermeij-Keers et al.  1983 ; Fig.  5.8c ), in human 

embryos at stage 11 (O’Rahilly and Gardner  1971 ; Müller 
and O’Rahilly  1986 ). This location corresponds with the pre-
sumptive internasal groove (Vermeij-Keers  1990 ).

   In human embryos, the fi rst visible appearance of the bilat-
eral  optic primordia  is seen in eight-somite embryos 
(Bartelmez and Blount  1954 ; O’Rahilly  1966 ) as a thickened 
area of each neural wall in which a shallow sulcus is present. 
Subsequently, each  optic sulcus  widens and changes into an 
 optic vesicle  after closure of the neural walls. Within each 
nasal fi eld two local thickenings develop, the  lens placode  
(mouse: E8.8, 15–16-somite embryos; stage 13 human 
embryos: Müller and O’Rahilly  1988a ) and the  nasal placode  
(mouse: E9.8; stage 14 human embryos: Hinrichsen  1985 ; 
Müller and O’Rahilly  1988b ). The lens placode is adjacent to 
the optic vesicle and is transformed into the lens vesicle, 
whereas the optic vesicle becomes the optic cup.  Pax6  plays 
an important role during eye development including the lens 
(Chiang et al.  1996 ; Huang et al.  2011 ). In stage 15 human 
embryos, the lens vesicle detaches from the surface ectoderm 
(O’Rahilly  1966 ). The cavity of the optic vesicle communi-
cates via the lumen of the short optic stalk with that of the 
forebrain. During the formation of the optic cup, its external 
layer grows out into the direction of the internal layer. This 
process is infl uenced by the lens placode (Chap.   9    ). 

 The mesodermal component of the head region is not only 
supplied by the cranial and optic neural crest but also by cells 
deposited by the  surface ectoderm  or  neurogenic placodes : 
the nasal placodes (Verwoerd and van Oostrom  1979 ), the 
acoustic or otic placode (Batten  1958 ) and the epibranchial 
placodes of the pharyngeal arches (Adelmann  1925 ; Graham 
and Begbie  2000 ; Lleras-Forero and Streit  2012 ; Graham 
and Shimeld  2013 ). Neurogenic placodes are specialized 
regions of the cephalic embryonic ectoderm from which 
among others neuroblasts for the cranial sensory systems are 
generated. Neurons in cranial sensory ganglia have a dual 
origin from the neural crest as well as from placodes (Noden 
 1991a ,  b ; Le Douarin and Kalcheim  1999 ). The origin of 
neurogenic precursors and the pattern of expansion of the 
surrounding surface ectoderm were defi ned using the quail- 
chick chimera technique (D’Amico-Martel and Noden  1983 ; 
Couly and Le Douarin  1985 ,  1987 ,  1990 ). 

 The  otic disc  is the fi rst ill-defi ned appearance of the 
developing ear (three- to fi ve-somite mouse embryo: 
Verwoerd and van Oostrom  1979 ; stage 9 human embryo: 
Müller and O’Rahilly  1983 ). At the end of stage 10, the otic 
disc becomes incorporated and transforms via the  otic pit  
into the  otic vesicle  or  otic cyst  (O’Rahilly  1983 ; Müller and 
O’Rahilly  1985 ; Van De Water et al.  1988 ). Subsequently, 
the otic vesicle becomes separated from the surface ectoderm 
by apoptosis, and induces the condensation of its surround-
ing mesenchyme into the  otic capsule . The otic vesicle forms 
the membranous labyrinth and the otic capsule the osseous 
labyrinth (Streeter  1906 ,  1918 ; Chap.   7    ). Placodal cells, 

  Fig. 5.8    Scanning electron micrographs of the developing face of 
mouse embryos in frontal view (the heart was removed in  a  and  c ): ( a ) 
E8.0-embryo,  arrows  indicate the optic sulci as bilateral grooves in the 
head folds; ( b ) E8.3-embryo, showing the prosencephalon with the 
evaginating optic vesicles; ( c ) E8.7-embryo in which the prosencepha-
lon is fused except for the rostral neuropore ( arrow ) which separates the 
two nasal fi elds ( nf )       

 

5.4 Craniofacial Development

http://dx.doi.org/10.1007/978-3-642-54687-7_4
http://dx.doi.org/10.1007/978-3-642-54687-7_9
http://dx.doi.org/10.1007/978-3-642-54687-7_7


230

given off from the walls of the otic vesicle, form the vestibu-
lar and possibly the cochlear (spiral) ganglia (O’Rahilly and 
Müller  2001 ). The  cavity  of the  middle ear  develops from 
the  tubotympanic recess  of the fi rst pharyngeal pouch 
(Kanagasuntheram  1967 ). Recently, however, using trans-
genic mice, it was shown that the middle ear develops 
through cavitation of a mass of neural crest cells. These cells 
-without cilia- form a lining continuous with the endodermal 
cells -with cilia- derived from the auditory (Eustachian) tube, 
which connects the middle ear to the pharynx (Thompson 
and Tucker  2013 ). As a consequence the mesenchyme of the 
auditory ossicles may also originate as a whole or in part 
from the neural crest (Thompson et al.  2012 ). Furthermore, 
the origin of the auditory ossicles in relation to the two pha-
ryngeal arches is not entirely clear (Anson et al.  1948 ,  1960 ; 
Hanson et al.  1962 ; O’Rahilly and Müller  2001 ; O’Gorman 
 2005 ). Presumably, the head of the malleus and the body and 
short crus of the incus arise from the fi rst pharyngeal arch, 
whereas the handle of the malleus, the long crus of the incus 
and the head and crura of the stapes develop from the second 
arch. Thompson et al. ( 2012 ) suggested that the stapedial 
footplate is composed of cells of neural crest and mesoder-
mal origin. The base of the stapes appears in the lateral wall 
of the otic capsule. The  external ear  arises from a series of 
small swellings, the  auricular hillocks , around the fi rst pha-
ryngeal groove (Streeter  1922 ; Hinrichsen  1985 ,  1990 ).  

5.4.2     Development of the Pharyngeal Arches 

 A prominent feature of human embryos is the presence of a 
series of bulges on the lateral surface of the head and neck, 
the  pharyngeal arches  (Fig.  5.9 ). Each arch has an outer 
covering of ectoderm, an inner covering of endoderm and a 
mesenchymal core derived from the neural crest, and most 
likely the surface ectoderm placodes and mesoderm. 
Between the arches, the ectoderm and endoderm are in 
close apposition and form the  pharyngeal membranes . 
The externally situated  pharyngeal grooves  have internal 
counterparts, the  pharyngeal pouches . During the process 
of outgrowth of the embryo, the wide lumen of the foregut 
is transformed into pharyngeal pouches by outgrowing 
swellings into this lumen. The fi rst pharyngeal pouch devel-
ops in the early somite stages. Between the fi rst pharyngeal 
pouch and its complementary pharyngeal groove the fi rst 
pharyngeal membrane, the future tympanic membrane, 
develops. Initially, the groove is shallow and wide but deep-
ens subsequently during the outgrowth of the fi rst pharyn-
geal arch. The different germ layers generate distinct 
components of the pharynx. The ectoderm produces the epi-
dermis and the sensory neurons of the arch-associated gan-
glia (Verwoerd and van Oostrom  1979 ; D’Amico-Martel 
and Noden  1983 ; Couly and Le Douarin  1990 ), whereas the 

endoderm gives rise to the epithelial cells lining the phar-
ynx and the endocrine glands forming from the pharyngeal 
pouches (Graham et al.  2005 ). The neural crest forms the 
connective and  skeletal tissues (Noden  1983b ; Couly et al. 
 1993 ), whereas the mesoderm forms the musculature and 
the endothelial cells of the arch arteries (Noden  1983b , 
 1991a ,  b ; Couly et al.  1992 ; Trainor et al.  1994 ; Francis-
West et al.  2003 ; Chap.   7    ).

   In human embryos, fi ve  pharyngeal  or  visceral arches  
(also known as branchial or aortic arches) develop succes-
sively. Four pairs are visible on the outside of the human 
embryo at 4 weeks and are separated from each other by 
three grooves (Fig.  5.9 ). More caudally, their arrangement is 
less clear-cut but it is customary to label a fi fth and even a 
sixth arch. The fi rst pharyngeal arch is the biggest, develops 
cranial to the heart primordium of the embryo and forms 
only the mandibular processes of the facial swellings 
(Vermeij-Keers et al.  1983 ). The maxillary prominence 
expands around the stomodeum below the optic vesicle and 
is unrelated to the pharynx (Vermeij-Keers  1990 ; Noden 
 1991a ,  b ). The mandibular processes keep their positions, 
grow out and form a groove in the midline between the two 
swellings. They actually do not fuse but merge because no 
epithelial plate is formed (Oostrom et al.  1996 ). The second 
arch grows caudally and laterally from the side of the second 
pharyngeal groove, covering the third and fourth arches. The 
third pharyngeal arch does the same with respect to the 
fourth. The retrobranchial ridge, incorporating the fi fth arch, 
grows rostrally into the direction of the second arch (Starck 

  Fig. 5.9    Scanning electron micrograph of the development of the 
human pharyngeal arches at stage 15 (From Jirásek ( 2001 ), with 
permission)       
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 1975 ; Vermeij-Keers  1990 ). Via contacts with the fourth and 
third arches this swelling adheres and fuses with the second 
pharyngeal arch. Initially, slit-like cavities, remnants of the 
pharyngeal grooves, remain present between these contact 
places. Inside the embryo, the slit-like cavities obliterate and 
ectodermal epithelial plates are formed at the contact places 
between the swellings. These plates disappear by apoptosis. 
The outgrowing pharyngeal arches and their subsequent 
shifting do not only cause transformations of the pharyngeal 
grooves but also of their corresponding pouches. The succes-
sive organs developing from these pouches (Fig.  5.10 ; 
Table  5.2 ) do not migrate to their defi nite position, as is 
 generally stated in the literature, but in the fi rst instance they 

attain their positions during the outgrowth and transforma-
tion of the pharyngeal arch system. Then, differential growth 
causes the shift of the organs (Vermeij-Keers  1990 ; Gasser 
 2006 ). Later, they differentiate and form, among others, the 
thymus (derivative of the third pouch) and the superior 
(fourth pouch) and inferior (third pouch) parathyroid glands 
(Weller  1933 ; Norris  1937 ,  1938 ).

5.4.3         Further Development of the Face 

 The formation of the nose – including its cavities – has a key 
role during the further development of the human face, which 
is determined by the development of the primary palate and 
secondary palate, respectively. In the literature, there is con-
sensus that the development of the secondary palate is based 
on fusion of the palatal shelves. By contrast, different 
 developmental processes were described for the fi ve swell-
ings (bilateral maxillary and mandibular processes, and the 
frontonasal prominence) surrounding the stomodeum and 
forming the primary palate: fusion, merging or a combina-
tion of both (His  1885 ; Hochstetter  1891 ; Bardeen  1910 ; 
Politzer  1952 ; Hinrichsen  1985 ,  1990 ; Sulik  1996 ; Liu et al. 
 2007 ; Jugessur et al.  2009 ; Figs.  5.11  and  5.12 ). However, 
the cell biological mechanisms observed during the fusion 
process of the secondary palate are similar to those of the 
primary palate. The difference between fusion and merging 
will be explained below. Additionally, the origin of the max-
illary process and the interpretation of the frontonasal promi-
nence are under discussion. Following the morphology of the 
early embryonic head-neck area the outgrowth of the maxil-
lary processes is not coupled with changes in the shape of the 
fi rst pharyngeal arch. Therefore, both  maxillary processes  
represent  separate swellings  and do not form part of the 
 mandibular arches (Vermeij-Keers  1972 ,  1990 ). Furthermore, 

  Fig. 5.10    Development of the pharyngeal pouches ( I – IV ) in a 4-week- 
old human embryo. The  stippled line  caudal to the stomodeal depres-
sion indicates the position of the buccopharyngeal membrane before its 
resorption.  ir  infundibular recess,  ltb  laryngotracheal bud,  mes  mesen-
cephalon,  nch  notochord,  oe  oesophagus,  Rp  Rathke’s pouch,  std  sto-
modeal depression,  tel  telencephalon,  thd  thyroid diverticulum,  I – IV  
pharyngeal pouches (After Weller ( 1933 ))       

   Table 5.2    Derivatives of the pharyngeal arches, grooves, and pouches   

 Pharyngeal arch  Ectodermal groove  Endodermal pouch  Skeleton  Muscles  Nerves 

 First (mandibular)  External acoustic 
meatus; ear 
hillocks; pinna 

 Auditory tube; tympanic 
membrane 

 Meckel’s cartilage: 
malleus, incus, 
mandibula template 

 Masticatory, tensor 
tympani, mylohyoid, 
anterior belly digastric 

 nV 

 Second (hyoid)  Disappears  Tonsillar fossa  Reichert’s cartilage: 
stapes, styloid 
process; superior 
part body hyoid 

 Facial, stapedius, 
stylohyoid, posterior belly 
digastric 

 nVII 

 Third  Disappears  Inferior parathyroid glands; 
thymus 

 Inferior part body 
hyoid; greater cornu 
hyoid 

 Stylopharyngeus  nIX 

 Fourth  Disappears  Superior parathyroid glands  Thyroid and 
laryngeal cartilages 

 Pharyngeal constrictors, 
palate muscles, 
cricothyroid 

 nX 

 Sixth  Disappears  Ultimopharyngeal body  Cricoid, arytenoid, 
corniculate 
cartilages 

 Laryngeal, pharyngeal 
constrictors 

 nX 

  After Sperber ( 2001 )  
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the term frontonasal prominence is used differently. In some 
studies it is used as an equivalent for the  mittlere Stirnfortsatz  
of His ( 1885 ), but in many recent textbooks on human 
embryology, the frontonasal prominence approximately cov-
ers both nasal fi elds. In each nasal fi eld a  nasal placode  
develops, separated by the  interplacodal area  (Vermeij-
Keers et al.  1983 ; Vermeij-Keers  1990 ). Around the nasal 
placode three facial swellings, defi ned as mesenchymal pro-
liferations covered by ectoderm and separated by grooves, 
will grow out. At the medial side of each placode the medial 
nasal process and, laterally, the lateral nasal and maxillary 
processes develop. The nasal placodes, thereby, evaginate 
and are turned over by the outgrowth of the lateral nasal and 
maxillary processes. The fi rst contact between the facial 
swellings is between the maxillary and medial nasal pro-
cesses (Vermeij-Keers  1972 ,  1990 ; Rudé et al.  1994 ). Later, 
the lateral nasal process will contact the medial process both 
surrounding the external nasal aperture (nostril). At the site 
of adhesion between the three facial swellings the  epithelial 
plate  of Hochstetter ( 1891 ) or nasal fi n develops in an 
occipito-frontal direction. Cell death occurs before, during 
and after formation of the epithelial plate followed by epithe-
liomesenchymal transformation and migration. Subsequently, 
the fi rst disruption of the plate appears halfway, right above 
the frontally expanded stomodeum that is now called the 
primitive oral cavity. Cell death continues and gradually the 

fusion of the mesenchymal cores of the three swellings 
becomes obvious by 7 weeks of development (17 mm CRL). 
At that stage the various facial processes are still distinguish-
able by grooves. One of them, the internasal groove, devel-
ops in the median of the interplacodal area between both 
outgrowing medial nasal processes (Vermeij-Keers et al. 
 1983 ; Figs.  5.11  and  5.14 ). From these structures, the tip and 
dorsum of the nose, the nasal septum, the columella and phil-
trum are formed after outgrowth of the presumptive nasal 
septum in fronto-caudal direction.

   The facial swellings transform both nasal placodes via 
the nasal grooves into the nasal tubes, leading to the forma-
tion of the primary palate and primitive oral cavity. This 
transformation is not only accompanied by considerable 
morphogenetic changes in the developing facial region 
itself, but also by changes in the nasal lumens and the bilat-
eral anlage of  nasolacrimal duct . This duct develops by 
cell death from a narrow epithelial plate formed by fusion of 
the lateral nasal and maxillary prominences corresponding 
to the nasolacrimal groove. The posterior part of each nasal 
tube is initially separated from the primitive oral cavity by 
the oronasal or bucconasal membrane (part of Hochstetter’s 
epithelial plate) at the end of the fi fth week, which disinte-
grates by apoptosis at the end of the seventh week to form 
the primitive choanae. Failure of membrane disintegration 
leads to  choanal atresia , one of the common congenital 

  Fig. 5.11    Early development of the human face in Carnegie stages 14 ( a ), 16 ( b ) and 17 ( c ), shown in frontal views.  Arrows  indicate the interpla-
codal area (From the Kyoto Collection of Human Embryos; courtesy Kohei Shiota)       
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nasal anomalies (approximately 1 in 8,000 births; Sperber 
and Gorlin  1997 ; Sperber  2002 ). 

 The  secondary palate  develops after the fusion of the pri-
mary palate and starts as outgrowing palatal shelves from the 
maxillary prominences. These swellings grow out at either 
side of the tongue, shift from a vertical to a horizontal posi-
tion and fuse in fronto-occipital direction with the primary 
palate, with each other and the nasal septum and form the 
roof of the oral cavity (Hinrichsen  1985 ). So the defi nitive 
nasal cavities are developed from the nasal tubes and from 
part of the primitive oral cavity (captured through fusion of 
the palatal shelves); their openings into the pharynx are 
called now the secondary choanae. 

 After 7 weeks of development, the facial grooves are 
eliminated by proliferation of the underlying mesenchyme, 
i.e. merging (Hinrichsen  1985 ,  1990 ; Vermeij-Keers  1990 ). 
At the same time the presumptive lip and alveolus grow out 
in caudal direction from the primary palate, resulting in the 
formation of the labial groove. Additionally, the mesenchy-
mal differentiation of the lip, alveolus, and hard and soft pal-
ates starts. This differentiation concerns the bilateral 
development of the various bone centers of the upper jaw, i.e. 
the maxilla (a single center at 17 mm CRL), palatal bone (a 
single center at 23 mm CRL), and the premaxilla bearing 
both incisors (two centers at 23 and 50 mm CRL, respec-
tively) and of the musculature. These bone centers grow out 
fuse with each other (maxilla and premaxilla) or form sutures 
(hard palate). 

 The above described complexity of control of embryo-
genesis of the primary palate and secondary palate is refl ected 
by the common occurrence of oral clefts, approximately 1 in 
700 live births (Mossey et al.  2009 ). Based on recent studies, 
the oral clefts are subdivided into three categories: cleft lip/
alveolus, cleft lip/alveolus and palate, and cleft palate 
because of differences with respect to embryonic develop-
ment, prevalence, risk factors and associated congenital mal-
formations (Harville et al.  2005 ; Rittler et al.  2008 ; 
Luijsterberg and Vermeij-Keers  2011 ; Bush and Jiang  2012 ; 
Maarse et al.  2012 ). These three cleft categories consist of 
multiple subphenotypes, which can be explained by the suc-
cessive developmental processes, time and place related 
(Rozendaal et al.  2012 ; Luijsterberg et al.  2014 ; Fig.  5.13 ):
     1.    If there is no fusion of the swellings or shelves at all, a 

complete cleft lip/alveolus or a complete cleft hard and 
soft palate including the uvula is the result.   

   2.    If the fusion process stops somewhere along the fusion 
lines, then with respect to the primary palate a complete 
cleft of the lip and an intact or an incomplete cleft alveo-
lus develops. The secondary palate shows an intact hard 
palate and a complete or incomplete cleft soft palate with 
complete cleft uvula or an incomplete hard palate with a 
complete cleft soft palate and uvula.   

   3.    An incomplete cleft of the lip shows always a tissue 
bridge under the nostril, which means that the facial 
swellings are fused during early developmental stages. 
An incomplete cleft lip is, therefore, the result of 

  Fig. 5.12    Early development of the human face in Carnegie stages 15 ( a ), 16 ( b ) and 21 ( c ), shown in oblique-lateral views (From the Kyoto 
Collection of Human Embryos; courtesy Kohei Shiota)       
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 insuffi cient outgrowth of the lip in caudal direction dur-
ing later stages. This cleft type can be associated with an 
intact alveolus, an incomplete cleft, hypoplasia or a sub-
mucous cleft of the alveolus. The latter is caused by insuf-
fi cient outgrowth of the bone centers of the premaxilla 
and/or maxilla.   

   4.    A submucous/subcutaneous cleft lip develops by defec-
tive differentiation of the mesenchyme into musculature 
at the fusion line.   

   5.    Differentiation defects of the secondary palate concern: 
agenesis or hypoplasia of the palatine bones, submucous 
cleft hard and/or soft palate, hypoplasia soft palate and 
hypoplasia of the musculature.    
  All combinations of the various cleft types are possible 

and explainable, for example the incomplete cleft lip (dif-
ferentiation defect) and a complete cleft alveolus (fusion 
defect), indicated as Simonart’s band (Luijsterberg et al. 
 2014 ). Oral clefts – unilateral and bilateral types – occur as 
isolated anomalies, but also in association with other anoma-
lies, often as part of a chromosomal defect or syndrome 
(Maarse et al.  2012 ). In early developmental stages the nose 
can be considered as two separate organs, which may develop 
asymmetrically. This asymmetrical development of the nose 
is expressed perfectly in the unilateral clefting of the lip and/
or alveolus (Rozendaal et al.  2012 ; Luijsterberg et al.  2014 ). 

 Several distinct genetic and environmental risk factors 
have been identifi ed for non-syndromic cleft lip and palate 
(Mossey et al.  2009 ; Cordero et al.  2011 ; Dixon et al.  2011 ). 
In view of the complexity of the developmental processes of 
the primary and secondary palate it is most likely that mul-
tiple genes are involved. With regard to non-syndromic oral 
clefts the strongest current evidence exists for mutations of 
the following genes:  FOXE1 ,  MSX1 ,  FGFR2  and  BMP4 . 
Additionally, genome-wide association studies supported by 
analysis of mouse models resulted in the identifi cation of 
 IRF6 ,  VAX1 , 8q24 locus,  MAFB ,  ABCA4 , and 17q22 locus 
genes (Dixon et al.  2011 ). Furthermore, there is evidence 
that lifestyle factors such as smoking, maternal alcohol con-
sumption and folate defi ciency are risk factors of oral clefts. 
However, the studies of alcohol consumption and folic acid 
supplementation are controversial and both links remain to 
be confi rmed (Dixon et al  2011 ). 

 Other nasal malformations may vary from a simple 
depression to complete separation of the nostrils (Sperber 
and Gorlin  1997 ; Sperber  2002 ), and various degrees of apla-
sia of the wings of the nose and atresia of the nasal cavities 
(Van der Meulen et al.  1990 ; Nishimura  1993 ). 

 After  rupture  of the  buccopharyngeal membrane , the 
 stomodeum  communicates with the foregut. The largest part 
of the primitive oral cavity is derived from the stomodeum. 
The roof of the stomodeum makes contact with the fl oor of 
the prosencephalon, just in front of the still intact buccopha-
ryngeal membrane. After its rupture, initiated by apoptosis 

(Poelmann et al.  1985 ) the surrounding tissues grow out into 
the primitive oral cavity, leading to the formation of  Rathke ’ s 
pouch  (Chap.   9    ). Subsequently, the walls of the pouch make 
contact and form a solid stalk that disappears through apop-
tosis. The primitive mouth opening becomes reduced by pro-
liferating ectomesenchyme, fusing the maxillary and 
mandibular prominences to form the corners of the defi nitive 
mouth. Inadequate fusion results in  macrostomia  (unilateral 
or bilateral), whereas tension of the fusion process may pro-
duce  microstomia . The lower lip is rarely defective, but if so, 
it is clefted in the midline (Oostrom et al.  1996 ). 

 Apart from the nasolacrimal and internasal grooves, the 
interorbital groove develops gradually by outgrowth of the 
lateral nasal processes and the rapidly growing telencephalic 
vesicles (Vermeij-Keers  1972 ; Vermeij-Keers et al.  1984 ; 
Figs.  5.13  and  5.14 ). This groove runs from one eye cup to 
the other over the now-visible nasal root, and connects the 
future medial angles of the eyes. The outgrowth and differen-
tiation of the nasal septum in fronto-caudal direction (17–
27 mm CRL) leads to the disappearance of the internasal and 
interorbital grooves, i.e. merging. Additionally, the distance 
between the eyes and both nasal anlages shows a relative 
decrease due to a relative lag in transverse growth.

    Insuffi cient relative decrease of the midfacial part leads to 
 hypertelorism  (Fig.  5.14 ). The most common form of human 
hypertelorism is found in  frontonasal dysplasia  also known 
as median cleft face syndrome, bifi d nose with median cleft 
lip or internasal dysplasia (Van der Meulen et al.  1990 ; 
Gorlin et al.  2001 ). Severe median nasal clefting, hyper-
telorism and abnormal embryonic apoptosis were found in 
 Alx3 / Alx4  double-mutant mice (Beverdam et al.  2001 ). 
 Aristaless -like homeobox genes form a distinct gene family, 
characterized by a paired-type homeobox and the presence 
of a small conserved C-terminal domain in the proteins 
encoded, known as aristaless or OAR domain (Meijlink et al. 
 1997 ). During embryogenesis, a subset of these genes, 
including  Alx3 ,  Alx4 ,  Prx1 ,  Prx2  and  Cart1 , are expressed in 
neural-crest-derived mesenchyme of developing craniofacial 
regions and in the mesenchyme of developing limbs 
(Leussink et al.  1995 ; Qu et al.  1997 ; ten Berge et al.  1998a , 
 b ). Mice with  Alx4  mutations have strong preaxial polydac-
tyly, and mild craniofacial abnormalities in the rostral skull 
base and parietal and frontal bones (Qu et al.  1997 ). In dou-
ble  Alx3 / Alx4  mutants, most facial bones and many other 
neural-crest-derived skull elements are malformed, truncated 
or absent (Beverdam et al.  2001 ).  Cart1  mutant mice have 
major cranial defects including acrania and meroanenceph-
aly (Zhao et al.  1996 ). These severe malformations are dis-
cussed in Chap.   4    . In man,  ALX4  haploinsuffi ciency is 
associated with ossifi cation defects in the parietal bones (Wu 
et al.  2000 ; Wuyts et al.  2000a ; Mavrogiannis et al.  2001 ) 
and a homozygous mutation in  ALX4  gene is accompanied 
with mild or more severe frontonasal dysplasia phenotypes, 
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i.e. parietal foramina or severe cranium bifi dum, and mild or 
severe midline brain malformations, respectively (Kayserili 
et al.  2009 ,  2012 ). Mutations in  ALX3  were found to cause 
autosomal recessive frontorhiny, a distinctive presentation of 

frontonasal dysplasia (Twigg et al.  2009 ). Mutations in the 
 GLI3  gene cause  Greig cephalopolysyndactyly syndrome , a 
rare form of hypertelorism that is associated with polysyn-
dactyly (Mo et al.  1997 ; Shin et al.  1999 ; Gorlin et al.  2001 ).  

  Fig. 5.13    Classifi cation of the various types of cleft lip and cleft 
palate (indicated in  light red ). ( a ) Clefts of the primary palate, from 
left to right: unilateral incomplete cleft lip, unilateral incomplete 
cleft lip with incomplete cleft of alveolus, unilateral complete cleft 
lip and alveolus, and bilateral complete cleft lip and alveolus; ( b ) 
clefts of the secondary palate, from right to left: uvula bifi da with 
complete cleft of palatum molle, uvula bifi da with complete cleft of 
palatum molle and incomplete cleft of palatum durum, and complete 

cleft of all parts of  secondary palate; ( c ) clefts of the primary and 
secondary palate, from left to right: unilateral complete cleft of lip 
and alveolus with uvula bifi da and complete cleft of palatum molle, 
the same but now with a complete cleft of palatum durum at the right, 
the same but now in combination with an incomplete cleft of the 
palatum durum at the left, and complete clefts on both sides of lips 
and all parts of palate (After Van der Meulen et al. ( 1990 ) and ten 
Donkelaar et al. ( 2007 ))       
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5.4.4     Development of the Skull 

 The development of the skull is infl uenced by environmental 
as well as genetic factors (Kjaer et al.  1999 ; Sperber  2001 , 
 2002 ; Sperber et al.  2010 ). Its development is greatly 
 infl uenced by brain growth. Initial neurocranial development 
is dependent on the formation of a membrane surrounding 
the neural tube, whose prior existence is essential for normal 
development. Persistence of the cranial neural fold stage 
( anencephaly ) results in  acalvaria  (Sperber et al.  1986 ). The 
surrounding membrane subdivides into an outer  ectomeninx  
and an inner  endomeninx . The ectomeninx produces an 
outer osteogenic layer, in which bone forms, and an inner 
dura mater. The endomeninx subdivides into the outer arach-
noid and the inner pia mater. The skull consists of the 
 neurocranium, surrounding the brain, and the facial and vis-
ceral skeleton, which form the bones of the face and the 
lower jaw and the auditory ossicles, respectively. The skull 
develops from paraxial mesoderm (the sphenoid), the cranial 
neural crest and surface ectoderm placodes, occipital somites 
(parts of the occipital bone) and, presumably, mesenchyme 
from the prechordal plate. The skull ossifi es in part endo-
chondrally and in part intramembranously. 

 The  neurocranium  comprises the vault of the skull, i.e. 
the calvaria, and the cranial base (Fig.  5.15 ). The  chondro-
cranium  forms the cartilaginous base of the embryonic and 
fetal skull, in which endochondral ossifi cation occurs. It 
arises from mesenchymal condensations. At stage 17, the 
fi rst cartilage of the neurocranium develops around the mem-
branous labyrinth and forms the  otic capsule  (Müller and 
O’Rahilly  1980 ). The occipital component of the chondro-
cranium also arises very early, and corresponds to the fi rst 

four sclerotomes (Müller and O’Rahilly  1994 ; O’Rahilly and 
Müller  2001 ). Other primary chondrogenic centres are the 
area of the future clivus (basi-occipital) and the sphenoid, 
presented by the hypophysial fossa, the dorsum sellae and 
the greater and lesser wings. The foramen magnum arises at 
the end of the embryonic period. Intramembranously ossifi ed 
components of the neurocranium ( desmocranium ) are the 

  Fig. 5.15    Development of the skull base from above: ( a ) chondrocra-
nium at the end of the embryonic period; ( b ) the calvaria at birth.  cl  
clivus,  cp  (site of) cribriform plate,  d  dens,  eth  ethmoid,  fm  foramen 
magnum,  fr  frontal bone,  gw  greater wing of sphenoid,  hc  hypoglossal 
canal,  hf  hypophysial fossa,  iam  internal acoustic meatus,  jf  jugular 
foramen,  lw  lesser wing of sphenoid,  nc  nasal capsule,  nch  notochord, 
 ns  nasal septum,  oc  otic capsule,  occ  occipital bone,  opc  optic canal, 
 par  parietal bone,  pt  petrous part of temporal bone,  so  supra-occipital, 
sph sphenoid,  sqt  squamous part of temporal bone (After O’Rahilly and 
Müller  2001 )       

  Fig. 5.14    The face of a stage 17/18 human embryo ( a ), an adult face 
( b ) and the face of an adolescent with orbital hypertelorism ( c ), show-
ing the relative positions of the eyes and nose components. The interna-
sal groove is indicated by a  small arrow  and the interorbital groove by 

a  larger arrow . The facial prominences are numbered:  1  medial nasal 
process,  2  lateral nasal process,  3  maxillary prominence,  4  mandibular 
prominence (From Vermeij-Keers et al.  1984 )       
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bone plates of the skull such as the frontal and parietal bones. 
The  ossifi cation centres  that develop in the membrane form 
the frontal, parietal, squamous temporal and squamous 
occipital bones. In general, each of these bones develops out 
of one bone centre. The parietal bone, however, develops 
from two bone centres that fuse with each other and subse-
quently function as one centre. The intervening areas form 
fi brous  sutures  and  fontanelles , termed anterior, posterior, 
anterolateral and posterolateral. Defects of calvarial intra-
membranous ossifi cation are recognized as  cranium bifi dum  
and  foramina parietalia permagna , and are due to mutations 
in the  ALX4  and  MSX2  genes (Cargile et al.  2000 ; Wuyts 
et al.  2000a ,  b ). The calvarial sutures are the sites at which 
the skull expands to accommodate itself to the enlarging 
brain. Growth takes place in the direction perpendicular to 
the sutures (Smith and Töndury  1978 ; Vermeij-Keers  1990 ; 
Opperman  2000 ). Most volume expansion of the skull occurs 
in utero and within the fi rst 2 years of life, although most 
sutures do not ossify before adulthood (Sperber  2001 ,  2002 ).

   The  facial skeleton  can be subdivided into an upper third, 
predominantly of neurocranial composition and incorporat-
ing the orbits, a middle portion incorporating the nasal com-
plex, maxillae, zygomata and temporal bones, and a lower 
third, composed of the mandibula, i.e. part of the viscerocranium. 

The  facial skeleton  develops intramembranously ( desmo-
cranium ) from ossifi cation centres in the ectomesenchyme 
of the facial prominences (Fig.  5.16 ). During the third intra-
uterine month, centres appear for the nasal, lacrimal, ptery-
goid, palatine, zygomatic and premaxillary (incisive bone) 
bones (Vermeij-Keers  1990 ; Sandikcioglu et al.  1994 ; Kjaer 
et al.  1999 ). Mesenchymal precursors such as those for the 
auditory ossicles of the visceral skeleton are present early 
and later become cartilaginous. They are partly replaced by 
intramembranously ossifi ed bone. The cartilage of the fi rst 
pharyngeal arch (Meckel’s cartilage) is largely replaced by 
the mandibula. The mandibula ossifi es intramembranously 
from a single centre on each side (Mérida-Velasco et al. 
 1993 ). The facial skeleton is largely laid down in mesen-
chyme at the end of the embryonic period (O’Rahilly and 
Müller  2001 ).

   Defi cient mandibular development ( micrognathia ) is 
characteristic of the Pierre Robin sequence, and several syn-
dromes such as cri du chat, Treacher Collins and Goldenhar 
syndromes. In the Pierre Robin sequence, the underdevel-
oped mandibula usually demonstrates catch-up growth in the 
child. In Treacher Collins syndrome, defi ciency of the man-
dibula is maintained throughout growth (Sperber  2001 ). 
Patients with hemifacial microsomia (Goldenhar syndrome) 

  Fig. 5.16    Development of the human desmocranium: ( a ) a 40-mm 
embryo; ( b ) an 80-mm embryo (After Williams et al.  1995 ). The con-
tours of the CNS are indicated by broken lines. Chondral elements 
( red ):  A  nasal capsule,  B  orbitosphenoid,  C  postsphenoid,  D  otic cap-
sule,  E  exoccipital,  F  supra-occipital,  G  alisphenoid,  H  Meckel’s 

 cartilage,  I  carilage of malleus,  J  styloid cartilage,  K  hyoid cartilage,  L  
thyroid cartilage,  M  cricoid cartilage,  N  arytenoid cartilage. Dermal 
elements ( light red ):  1  frontal bone,  2  nasal bone,  3  squama of temporal 
bone,  4  squama of occipital bone,  5  parietal bone,  6  maxilla,  7  tympanic 
ring,  8  mandibula,  9  zygomatic bone       
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start and end with a smaller mandible, but show a growth 
pattern similar to normal controls (Ongkosuwito et al.  2013 ). 
The  Prx1 / Prx2  genes play a role in mandibular arch morpho-
genesis (ten Berge et al.  2001 ).  Agnathia  is found in the  oto-
cephalies , ranging from milder forms in which derivatives of 
the skeletal and dental portions of the fi rst arch are absent to 
the more severe form in which little more than external ears 
(‘ear head’) are apparent (Duhamel  1966 ; Vermeij-Keers 
 1990 ; Fig.  5.21 ). 

  Agnathia - otocephaly  was described as a lethal develop-
mental fi eld complex, characterized by extreme hypoplasia 
or absence of the mandibula, astomia, aglossia and synotia 
(Bixler et al.  1985 ). It is most likely caused by a persistent 
buccopharyngeal membrane (Vermeij-Keers  1990 ) and is 
frequently associated with HPE (Pauli et al.  1983 ; Siebert 
et al.  1990 ; Cohen and Sulik  1992 ). In inbred strains of 
guinea pigs, otocephaly is probably a neural crest problem 
(Wright and Wagner  1934 ). In a substrain of C57B1 mice 
with a balanced chromosomal translocation, Juriloff and co- 
workers ( 1985 ) found that in the less severely affected 
embryos the fi rst evidence of cell death was in the mesoder-
mal cores of the fi rst pharyngeal arch. The balanced translo-
cation may hasten cell death. In more severe cases, cell death 
was also found in the mesoderm underlying the neural tube. 
 Otx2  heterozygous mouse mutants display otocephalic phe-
notypes, the severity of which is dependent on the genetic 
background of a C57BL/6 strain (Hide et al.  2002 ).  Otx2  is 
not only expressed in the forebrain and the mesencephalon 
(Acampora et al.  1995 ,  1998 ), but also in the cephalic mes-
enchyme, including mesencephalic neural crest cells that are 
distributed to the mandibula (Kimura et al.  1997 ). Therefore, 
 Otx2  heterozygous mutant defects relate primarily to  Otx2  

function in the formation of mesencephalic neural crest 
(Kimura et al.  1997 ). Recently, it is demonstrated that 
 OTCX2  and  PRRX1  are involved in otocephaly/dysgnathia in 
humans (Sergi and Kamnasaran  2011 ; Celik et al.  2012 ; 
Chassaing et al.  2012 ). Most  Otx2 +/− mutant mice also dis-
play HPE (Matsuo et al.  1995 ), but a role for  OTX2  in human 
HPE has not been found so far.   

5.5      Neurocristopathies 

 A number of craniofacial malformations have major neural 
crest involvement, and are usually referred to as  neurocris-
topathies  (Jones  1990 ; Johnston and Bronsky  1995 ,  2002 ). 
The concept neurocristopathy was introduced by Bolande 
( 1974 ) to explain the developmental relationships among a 
number of dysgenetic, hamartomatous and neoplastic disor-
ders, including pheochromocytoma, von Recklinghausen’s 
neurofi bromatosis, Hirschsprung’s aganglionic megacolon 
(Clinical Case  5.1 ) and the multiple endocrine adenomato-
ses. A neurocristopathy was defi ned as a condition arising 
from aberrations in the early migration, growth and differen-
tiation of neural crest cells. Subsequently, an increasing 
number of disorders such as retinoic acid syndrome (RAS), 
hemifacial microsomia, Treacher Collins syndrome, 
DiGeorge sequence, cleft lip and palate, frontonasal dyspla-
sia and Waardenburg syndrome have been included into the 
neurocristopathies (Table  5.3 ). The CHARGE and Mowat- 
Wilson syndromes may be added. Recently, the idea that 
neural crest abnormalities underlie the pathogenesis of the 
DiGeorge sequence has been challenged (Sect.  5.5.4 ). The 
same holds for Treacher Collins syndrome (Sect.  5.5.3 ). 

   Table 5.3    Some neurocristopathies and related disorders   

 Syndrome  Ear abnormalities 
 Facial bone 
malformations 

 Cardiovascular 
malformations 

 Pharynx 
glands 

 Facial 
clefts 

 Other associated 
malformations 

 Retinoic acid 
syndrome 

 Microtia/anotia; low-set 
ears; stenosis external 
meatus 

 Mandibular 
(micrognathia) and 
other defi ciencies 

 Conotruncal defects  Thymus 
defi cient or 
absent 

 Cleft palate 
(8 %) 

 Brain (particularly 
cerebellum) 

 DiGeorge 
syndrome 

 Low-set ears  Variable maxillary and 
mandibular 
defi ciencies 
(micrognathia) 

 Conotruncal defects  Thymus 
defi cient or 
absent 

 Cleft lip 
and/or 
palate 
(10 %) 

 Brain 

 Hemifacial 
microsomia 

 Microtia; accessory 
auricles; abnormal ear 
ossicles 

 Usually asymmetrical 
defi ciencies of 
mandibula, squamous 
temporal and other 
bones 

 Conotruncal defects  None 
reported 

 Cleft lip 
and/or 
palate 
(7–22 %) 

 Eye, brain (in 
severe cases), 
vertebrae in 
oculo-auriculo- 
vertebral variant 

 Treacher Collins 
syndrome 

 Pinna anomalies; 
abnormal ear ossicles; 
hypoplasia or atresia 
external meatus 

 Symmetrical 
defi ciencies or 
absence of zygoma, 
underdevelopment of 
posterior maxilla and 
mandibula 

 No increase in 
cardiovascular 
malformations 

 None 
reported 

 Cleft palate 
(35 %) 

 Eyelid coloboma; 
rarely with limb 
defects, e.g. Nager 
syndrome 

  After Sperber and Gorlin ( 1997 ), Johnston and Bronsky ( 2002 )  
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Several syndromes specifi cally affect derivatives of the face 
and the fi rst and second branchial arches (Passos-Bueno 
et al.  2009 ; Johnson et al.  2011a ,  b ). Treacher Collins syn-
drome affects bilaterally the ear, the lower eyelid, the 
zygoma, the maxilla and the mandibula. Related disorders 
are the oculo-auriculo-vertebral syndrome (Sect.  5.5.2 ) and 
the auriculo-condylar syndrome (Passos-Bueno et al.  2009 ). 
Hemifacial microsomia shows unilateral malformation of 
nearly the same structures. Some patients who were exposed 
to thalidomide during a restricted period of development had 
a malformation similar to mandibulofacial dysostosis and 
hemifacial microsomia (Kleinsasser and Schlothane  1964 ; 
Jacobson and Granström  1997 ; Gorlin et al.  2001 ).

5.5.1       Retinoic Acid Syndrome 

  Retinoic acid syndrome  ( RAS ) malformations fi rst appeared 
shortly after the introduction of Accutane (13- cis -retinoic 
acid), a drug used for the treatment of severe cystic acne 
(Lammer et al.  1985 ). Although the retinoids (the normal bio-
logically active retinoic acid and related compounds such as 
vitamin A, the dietary precursor of retinoic acid) had long 
been known to be potent teratogens, and the drug Accutane 
was not to be taken during pregnancy, in the USA many acci-
dental exposures occurred, resulting in a surprisingly high 
incidence of very severe malformations involving craniofa-
cial structures. Teratogenic doses of retinoic acid given to 
mice at early stages of neurulation yielded craniofacial mal-
formations that are strikingly similar to those in children with 
retinoic acid embryopathy (Webster et al.  1986 ; Willhite et al. 
 1986 ; Sulik et al.  1988 ; Sulik  1996 ; Morriss-Kay and Ward 
 1999 ). The defects observed in children with RAS include 
abnormalities of the external and middle ear, sometimes 
underdevelopment of the mandibula and cleft palate, facial 
nerve paralysis, cerebellar defects, outfl ow tract defects of the 
cardiovascular system, and defects of the thymus and para-
thyroid glands. Such defects are usually fatal within the fi rst 
years of life (Johnston and Bronsky  1995 ,  2002 ). The unex-
pectedly severe nature of RAS malformations relates to the 
very poor ability of humans to clear retinoic acid metabolites 
(Webster et al.  1986 ). Teratogenic studies in mice (Goulding 
and Pratt  1986 ; Webster et al.  1986 ; Pratt et al.  1987 ) sug-
gested that the timing of exposure for the most severe facial 
malformations coincided with the onset and period of migra-
tion of fi rst and second arch crest cells (about day 21 in human 
embryos), whereas the sensitive period for cardiovascular 
malformations coincided with the migration of third and 
fourth arch crest cells (about day 23 in man). 

  Local retinoid  ( RA )  signalling  coordinates forebrain 
and facial morphogenesis by maintaining FGF8 and SHH 
expression (Schneider et al.  2001 ; Niederreither and Dollé 
2008). FGF8 and SHH act as survival factors in the brain and 

facial primordia (Ahlgren and Bronner-Fraser  1999 ; Helms 
et al.  1997 ; Hu and Helms  1999 ; Laue et al.  2011 ; Rhinn and 
Dollé  2012 ). Experiments in chick embryos (Schneider et al. 
 2001 ) show that, in the absence of an intact RA signalling 
pathway, FGF8 and SHH expression is lost, cells fail to pro-
liferate and undergo apoptosis, and the forebrain and fronto-
nasal process cease their morphogenesis, suggesting a 
critical period of the morphogenesis of the forebrain and the 
frontonasal process dependent upon RA signalling corre-
lated with the timing of RA production in the frontonasal 
ectoderm. Forebrain and frontonasal process-derived tissue 
are sensitive to disruptions in RA signalling during early 
development, but later become insensitive.  

5.5.2      Oculoauriculo-Vertebral Spectrum 

 The predominant defects in the non-random association of 
anomalies known as the  oculoauriculo - vertebral spectrum  are 
problems in the morphogenesis of the face, the fi rst and second 
pharyngeal arches, sometimes accompanied by vertebral 
anomalies (most commonly cervical hemivertebrae or hypo-
plasia of vertebrae) and/or ocular anomalies (Jones  1997 ; 
Gorlin et al.  2001 ; Passos-Bueno et al.  2009 ). The association 
with epibulbar dermoid and vertebral anomaly is known as 
 Goldenhar syndrome  (Fig.  5.17a–c ), and the predominantly 
unilateral occurrence as  hemifacial microsomia . The occur-
rence of various combinations and gradations of these anoma-
lies, both unilateral and bilateral, with or without epibulbar 
dermoid and vertebral anomaly, suggested that hemifacial 
microsomia and the Goldenhar syndrome may simply repre-
sent gradations in severity of a similar disorder of morphogen-
esis. Their frequency of occurrence is estimated to be 1 in 
3,000 to 1 in 5,000, with a slight (3:2) male predominance 
(Jones  1997 ; Gorlin et al.  2001 ). CNS malformations include 
intellectual disability, hydrocephalus, Chiari type II malforma-
tion, occipital encephalocele, facial nerve paralysis, agenesis, 
hypoplasia and lipoma of the corpus callosum, and hypoplasia 
of the septum pellucidum (Aleksic et al.  1984 ; Jacobson and 
Granström  1997 ). Severe abnormalities of the pons were found 
in two infants with Goldenhar syndrome (Pane et al.  2004 ). 
The syndrome can be detected by prenatal ultrasound examina-
tion on the frequent presence of a lipoma on the corpus callo-
sum (Jeanty et al.  1991 ; Wong et al.  2001 ).

   The main facial features of  hemifacial microsomia  
(HFM) include a small lower jaw, sometimes with an absent 
jaw joint, a malformed or absent external ear with accessory 
tags and facial clefts (Cousley and Calvert  1997 ). Recently, 
Ongkosuwito et al. ( 2014 ) demonstrated that the maxilla is 
also involved in HFM patients, especially in the more severe 
cases. Experimental studies in rodents suggest that this pat-
tern of malformation is often caused by bleeding in the 
region of the stapedial artery, transitorily supplying the 
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 second pharyngeal arch (Poswillo  1973 ). Such events are 
usually sporadic, but genetic predisposition can occur, as 
shown by the  Hfm  mouse, in which a chromosome 10 trans-
gene integration is associated with a small ear or an asym-
metric jaw in 25 % of progeny heterozygous for the transgene 
(Naora et al.  1994 ). At E9.5, rupture of the dorsal vasculature 
of the second pharyngeal arch has been found in  Hfm +/− 
mutants. In man, genetic linkage to chromosome 14q32 was 
reported in a family with hemifacial microsomia in which 
fi rst-arch abnormalities segregate with unusually high pene-
trance (Kelbermann et al.  2000 ).  

5.5.3      Treacher Collins Syndrome 

  Treacher Collins syndrome  (Treacher Collins  1900 ) or 
 mandibulofacial dysostosis  (Franceschetti and Klein  1949 ) 
is an autosomal dominant inherited syndrome that is local-
ized on chromosome 5q32-33.1. Its incidence is approxi-
mately 1 in 50,000 live births and its clinical features include 
the following (Fig.  5.17d–f ): (1) abnormalities of the exter-
nal ears, atresia of the external auditory canals and malfor-
mation of the middle ear ossicles through to a complete 
absence of the middle ear, resulting in bilateral conductive 

  Fig. 5.17    Craniofacial dysmorphology syndromes in neurocristopa-
thies: ( a – c ) Goldenhar syndrome in a 2-year old boy, showing bilateral 
microtia ( left  lobar type;  right  concha type), conductive hearing loss, 
left facial nerve paresis, left-sided mandibular hypoplasia, craniosynos-
tosis, defects of vertebrae and ribs and various heart defects: ventricular 
septal defect, atrial septal defect, pulmonary stenosis and patent ductus 

arteriosus; ( d – f ) Treacher Collins syndrome in a 10-year-old boy with 
the following bilateral craniofacial abnormalities: microtia, agenesis of 
external acoustic meatus, conductive deafness, dysplasia of os petro-
sum, aplasia of zygoma, hypoplasia and crowding of maxilla and man-
dibula, hypoplasia of mastoid and maxillary sinus, and colobomata of 
lower eyelids (Courtesy Michiel Vaandrager, Rotterdam)       
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hearing loss (Phelps et al.  1981 ); (2) lateral downward slop-
ing of the palpebral fi ssures, frequently with colobomas of 
the lower eyelids and a paucity of lid lashes medial to the 
defect; (3) hypoplasia of the mandibula, maxilla and 
zygoma; and (4) cleft palate (Dixon et al.  1994 ; Marres 
et al.  1995 ; Jacobson and Granström  1997 ; Jones  1997 ; 
Gorlin et al.  2001 ; Marsh and Dixon  2001 ; Trainor  2010 ; 
van Gijn et al.  2013 ). The Treacher Collins Syndrome 
Collaborative Group ( 1996 ) identifi ed the molecular basis 
of this rare disorder by positional cloning. Although the 
causative gene ( TCOF1  after Treacher Collins-Franceschetti 
syndrome) has a somewhat variable penetrance, malforma-
tions are usually very consistent.  TCOF1  appears to be 
poorly conserved among mammals compared with other 
developmental genes.  TCOF1  encodes for a nuclear phos-
phoprotein known as Treacle. The majority of mutations in 
 TCOF1  lead to truncations of the C-terminal end of Treacle 
(Dixon et al.  2007 ). Mouse  Tcof1  shows only 62 % amino 
acid identity with the human protein (Dixon et al.  1997 ). 
 Tcof1  is widely expressed, most highly at the edges of the 
neural folds (Dixon et al.  1997 ). Heterozygous mice show 
exencephaly associated with extensive apoptosis in the pre-
fusion neural folds (Dixon et al.  2000 ). The Treacher Collins 
syndrome has not been associated with neural tube defects. 
This discrepancy may be due to species-specifi c differences 
between mice and man. 

 Studies on the pathogenesis of RAS defects in mice have 
also provided data relevant to Treacher Collins syndrome 
(Poswillo  1975 ; Wiley et al.  1983 ; Webster et al.  1986 ; Sulik 
et al.  1987 ; Osumi-Yamashita et al.  1992 ; Evrard et al.  2000 ). 
In mice, the spatiotemporal expression of  Tcof1  coincides 
with the formation and migration of neural crest cells, imply-
ing that  Tcof1  plays an important role in their development 
(Dixon et al.  2006 ). Cell lineage studies in E8.5 wild type 
and  Tcof1  +/−  mouse embryos revealed no defects in cranial 
neural crest cell migration, however, 25 % fewer migrating 
neural crest cells were observed in the TCS embryos com-
pared to their wild-type littermates (Dixon et al.  2006 ). The 
defi ciency in neural crest cell number arises from extensive 
neuroepithelial apoptosis from E8.0 to E10.5, which dimin-
ishes the neural stem cell pool from which neural crest cells 
arise. This process is p53 dependent (Jones et al.  2008 ). 
Therefore, the general cranioskeletal hypoplasia observed in 
patients with Treacher Collins syndrome arises  not  because 
of a neural crest migration defect, but rather as a  defi ciency  
in neural crest cell number (Trainor  2010 ). So,  Tcof1 /Treacle 
plays a critical role in neural crest cell formation and is 
required for neuroepithelial survival and neural crest cell 
proliferation (Dixon et al.  2006 ). Remarkably,  Tcof1  +/−  
embryos treated in utero from E6.5 onwards with a specifi c 
inhibitor of p53, exhibited a dose-dependent inhibition of 
neuroepithelial apoptosis and rescue of cranioskeletal devel-
opment (Jones et al.  2008 ).  

5.5.4      DiGeorge Sequence and Related 
Disorders 

 The  DiGeorge sequence  or  syndrome  (DiGeorge  1965 ) vari-
ably includes defects of development of the face, the thymus, 
parathyroids and great vessels (Conley et al.  1979 ; Lammer 
and Opitz  1986 ; Jones  1997 ; Gorlin et al.  2001 ; Yutzey 
 2010 ), i.e. tissues in particular of the third and fourth bran-
chial arches, and their associated pouches. Hypoplasia or 
aplasia of the thymus leads to a defi cit in cellular immunity 
allowing severe infectious diseases. Hypoplasia to absence 
of the parathyroids results in severe hypocalcemia and sei-
zures in early infancy. Common cardiovascular malforma-
tions are aortic arch anomalies, including right aortic arch, 
interrupted aorta, conotruncal anomalies such as  truncus 
arteriosus and ventricular septal defect, patent ductus arterio-
sus and tetralogy of Fallot. Specifi c to partial monosomy 22q 
are lateral displacement of inner canthi with short palpebral 
fi ssures, short philtrum, micrognathia and ear anomalies. 
The DiGeorge sequence is aetiologically heterogeneous. It 
has been associated with prenatal exposure to alcohol and 
Accutane, and a variety of chromosome abnormalities 
(Gorlin et al.  2001 ; Johnston and Bronsky  2002 ). The major-
ity of cases, however, result from partial monosomy of the 
proximal arm of chromosome 22 due to a microdeletion of 
22q11.2 (Fig.  5.18 ), detectable by molecular or fl uorescence 
in situ hybridization analysis (Lindsay  2001 ). Therefore, the 
DiGeorge sequence and related malformations with chromo-
some 22 deletions such as the velocardiofacial or Shprintzen 
syndrome (Shprintzen et al.  1978 ; Goldberg et al.  1993 ; also 
known as Sedlacková syndrome: Sedlacková  1967 ) and 
conotruncal anomaly face syndrome are combined to the 
chromosome 22 deletion ( del22q11 ) syndrome (Driscoll 
et al.  1992a ,  b ; Emanuel et al.  2001 ; Lindsay  2001 ). The 
velocardiofacial syndrome is characterized by hypoplasia or 
a cleft of the secondary palate, cardiac defects, a typical face, 
microcephaly and hearing and learning disabilities. The 
occurrence of the  del22q11  syndrome is estimated as 1 in 
4,000 live births (Scambler  1994 ,  2000 ; Lindsay  2001 ). The 
symptoms of  del22q11  syndrome are diverse. Distinct fea-
tures can show variable expressivity and incomplete pene-
trance. Depending on the key symptoms, two phenotypes 
may be distinguished (Ryan et al.  1997 ; Scambler  2000 ; 
Lindsay  2001 ). The ‘pharyngeal’ phenotype encompasses 
the most characteristic features of  del22q11  syndrome, 
including congenital cardiovascular defects, craniofacial 
anomalies and aplasia or hypoplasia of the thymus and para-
thyroids. The ‘neurobehavioural’ phenotype becomes mani-
fest in early childhood as learning diffi culties, cognitive 
defects and attention-defi cit disorder. In adolescence and 
adulthood, some patients develop various psychiatric disor-
ders, including schizophrenia, schizoaffective and bipolar 
disorders. The basis of the neurobehavioural phenotype is 
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unknown. All patients with the  del22q11  syndrome manifest 
at least some components of the pharyngeal and neurobehav-
ioural phenotypes with varying degrees of severity. In con-
trast to the clinical heterogeneity of this syndrome, the 
 del22q11  genetic lesion is remarkably homogeneous in 
affected individuals. Approximately 90 % of patients have a 
typical deleted region of some 3 Mb, encompassing 30 
genes, whereas about 8 % of patients have a smaller deletion 
of some 1.5 Mb, involving 24 genes (Lindsay  2001 ).

   Treatment of pregnant mice with ethanol at the time of 
migration of the fi rst and second arch crest cells leads to mas-
sive cell death, resulting in malformations very similar to 
those of the DiGeorge sequence (Daft et al.  1986 ; Sulik et al. 
 1986 ). This suggested that the DiGeorge sequence may be 
secondary to an abnormality in the neural crest (Scambler 
 1994 ). A number of gene knockouts produce the DiGeorge 
sequence.  Hoxa3  knockout mice show some resemblance to 
the DiGeorge sequence (Chisaka and Capecchi  1991 ; Manley 
and Capecchi  1995 ; Capecchi  1997 ). They lack a thymus and 
parathyroid glands, have a reduced thyroid and show malfor-
mations of the laryngeal cartilages and muscles, and of the 
heart. Lindsay and co-workers ( 1999 ), Lindsay and Baldini 
( 2001 ) developed a mouse model heterozygous for the 22q11.2 
deletion. Neural crest migration into the pharyngeal arches 
appeared to be normal but there was severe underdevelopment 
of the fourth arch aortic vessels in all of the embryos studied. 
The gene content of the human 22q11 region was found to be 

highly conserved in a region of mouse chromosome 16. The 
fi rst mouse deletion generated,  Df1  (Lindsay et al.  1999 ), 
encompassing mouse homologues of 18 out of the 24 genes 
that are deleted in patients with the 1.5-Mb deletion, led to 
cardiovascular defects similar to those in patients. The T-box 
transcription factor  Tbx1  plays a crucial role in the fourth arch 
abnormality in mice (Lindsay  2001 ; Lindsay et al.  2001 ). 
 Tbx1 -null mice die at birth and have a persistent truncus arte-
riosus, a hypoplastic pharynx, lack a thymus and parathyroids, 
and have ear, jaw and vertebral anomalies. The embryological 
basis of these abnormalities is maldevelopment of the pharyn-
geal arches and arch arteries 2–6, and of the pharyngeal 
pouches 2–4 (Lindsay et al.  2001 ). The severity and extent of 
the embryological lesion indicate that  Tbx1  may be required 
for the segmentation of the pharyngeal endoderm, an event 
that initiates the development of the entire pharyngeal appara-
tus (Lindsay  2001 ). Chordin secreted by the mesendoderm is 
required for the correct expression of  Tbx1  and other tran-
scription factors involved in the development of the pharyn-
geal region (Bachiller et al.  2003 ). Chordin mutant mice either 
die early during development or die perinatally, showing an 
extensive array of malformations that encompass most fea-
tures of the human DiGeorge and velocardiofacial syndromes. 
FGF8 is also required for pharyngeal arch and cardiovascular 
development in mice (Abu-Issa et al.  2002 ; Frank et al.  2002 ). 
 Fgf8  mutants resemble  Tbx1 −/− mouse embryos, probably 
due to a common signalling pathway (Vitelli et al.  2002 ). 

  Fig. 5.18    ( a – c ) Craniofacial dysmorphology in a 10-year-old girl with 
a 22q11-deletion. At birth, the patiënt showed a fl at occiput, short neck, 
wide but closed palate, tetralogy of Fallot and slight dysmorphic toes. 
In 1994, a velopharyngeal insuffi ciency was found, followed by DNA 
analysis, and the diagnosis of a 22q11 deletion in 1996. Apart from 

bilateral hearing loss, due to chronic infl ammation of the middle ears, 
no other abnormalities of the derivatives of the pharyngeal arches were 
found. A general developmental delay of the patiënt required special 
education (Courtesy Jeannette M. Hoogeboom, Rotterdam)       

 

5 The Neural Crest and Craniofacial Malformations



243

 The hypothesis that neural crest abnormalities underlie 
the pathogenesis of the DiGeorge sequence seems however 
unlikely since pharyngeal patterning is not affected in chick 
embryos in which the neural crest has been ablated (Bockman 
et al.  1989 ; Veitch et al.  1999 ). Moreover,  Tbx1  is not 
expressed in the neural-crest-derived mesenchyme of the 
pharyngeal arches. Neural crest cells may, however, play a 
secondary role in the disorder as targets of  Tbx1 -driven sig-
nalling (Lindsay  2001 ; Cordero et al.  2011 ). Yagi et al. 
( 2003 ) showed that a  TBX1  mutation is responsible for fi ve 
major phenotypes in  del22q11  syndrome. In view of these 
data, the DiGeorge sequence should not be viewed any lon-
ger as a neurocristopathy.  

5.5.5     Waardenburg Syndrome 

 The term  Waardenburg syndrome , originally described by 
Waardenburg ( 1951 ), is used for a heterogeneous set of 
auditory- pigmentary syndromes, the primary cause of which 
is a patchy lack of melanocytes in the hair, eyes, skin and 
stria vascularis (Read  2001 ; Spritz et al.  2003 ; Pingault et al. 
 2010 ). Four subtypes can be distinguished: (1) type 1 with 
dystopia canthorum, caused by mutations in the  PAX3  gene 
(Fig.  5.19 ); (2) type 2 without dystopia is heterogeneous, 
some cases are due to changes in the  MITF  and  SLUG  genes; 
(3) the rare type 3, resembling type 1 but with additional 
contractures or hypoplasia of the upper-limb joints and mus-
cles, also results from  PAX3  mutations; and (4) type 4 with 
Hirschsprung’s disease, again heterogeneous and due to 
mutations in the  EDN3 ,  EDNRB  and  SOX10  genes. Most 

forms are inherited as autosomal dominant traits. The hear-
ing loss in all types is congenital, sensorineural and non- 
progressive (Chap.   7    ). Waardenburg syndrome types 1, 3, 
and 4 are neurocristopathies, affecting more than one neural 
crest derivative. Type 2 appears to be melanocyte-specifi c. 
Auditory-pigmentary syndromes and mouse models are fur-
ther discussed in Chap.   7    .

5.6          Cranial Ciliopathies 

 A  ciliopathy  is defi ned as a disorder that results from aber-
rant form or function of primary cilia. As a class of diseases, 
ciliopathies have a rather broad range of clinical manifesta-
tions (Badano et al.  2006 ; Chap.   3    ). A number of ciliopathies 
result in malformations of the craniofacial complex, includ-
ing the Bardet-Biedl, oral-facial-digital type 1, Meckel- 
Gruber (Chap.   3    ), Joubert (Chap.   8    ) and Ellis-van Creveld 
syndromes (Brugmann et al.  2010 ). 

 The  Bardet - Biedl syndrome  ( BBS ) is an autosomal, 
genetically heterogeneous disorder that is characterized by 
obesity, polydactyly, renal anomalies, retinal degeneration 
and intellectual disability. A subgroup presents with charac-
teristic facial features including deep set eyes, hypertelorism, 
downward slanting palpebral fi ssures, a fl at nasal bridge with 
anteverted nares and prominent nasolabial folds, a long phil-
trum and a thin upper lip. BBS patients may have a wide, 
prominent forehead and a small mouth with a slightly everted 
lowerlip and retrognathia (Beales et al.  1999 ). Zebrafi sh 
models have been used to explore the consequence of muta-
tions in  Bbs  genes on craniofacial development. Defects in 

  Fig. 5.19    ( a ,  b ) Waardenburg 
syndrome in a 32-year-old male 
patiënt with a 558-559delCA 
mutation in exon 4 of the  PAX3  
gene, compatible with 
Waardenburg type 1. The patiënt 
shows typical craniofacial 
dysmorphology, early temporal 
greying, has severe bilateral 
congenital hearing loss, mental 
retardation, and no verbal 
communication (Courtesy 
Jeannette M. Hoogenboom, 
Rotterdam)       
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zebrafi sh  Bbs  genes cause shortening of the anterior neuro-
cranium, partial cyclopia and micrognathia, attributed to lack 
of neural crest cell migration into the facial prominences 
(Tobin et al.  2008 ). 

 The  oral - facial - digital syndrome type 1  ( OFDS1 ) is an 
X-linked dominant disorder caused by mutations in  OFD1 . 
This male lethal disorder is characterized by digital abnor-
malities, polycystic kidneys, CNS malformations and facial 
anomalies (Ferrante et al.  2001 ,  2009 ; Macca and Franco 
 2006 ; Thauvin-Robinet et al.  2006 ,  2009 ). The most com-
mon craniofacial abnormalities of OFDS1 include hyper-
telorism, a broad nasal bridge, facial asymmetry, cleft palate, 
lingual hamartomas and hypodontia. CNS malformations 
frequently observed in this disorder include agenesis of the 
corpus callosum, abnormal gyration, grey matter heteroto-
pia, cerebellar and brain stem abnormalities and intellectual 
disability. In a murine model system, knockout of  Ofd1  gen-
erates phenotypes highly reminiscent of the OFDS in 
humans, yet more severe. The craniofacial complex in  Ofd1  
mutant mice is characterized by a shortened skull and facial 
region, cleft palate and exencephaly and defective cilia in 
various tissues (Ferrante et al.  2006 ).  

5.7       Holoprosencephaly 

 The  holoprosencephalies  encompass a range of phenotypes 
that vary in severity and involve malformations of the brain 
and upper face among the midline (DeMyer et al.  1963 , 
 1964 ; Cohen  1989a ,  b ; Cohen and Sulik  1992 ; Norman et al. 
 1995 ; Golden  1998 ; Muenke and Beachy  2001 ; Cohen and 
Shiota  2002 ). HPE is aetiologically extremely heteroge-
neous. Its formation may depend on the interaction of both 
genetic and environmental factors. Specifi c teratogens such 
as maternal diabetes increase the risk for HPE 200-fold 
(Norman et al.  1995 ; Cohen and Shiota  2002 ). About 1–2 % 
of newborn infants of diabetic mothers develop HPE. 
Numerous other teratogens are known to cause HPE in vari-
ous animal models (Cohen and Sulik  1992 ; Cohen and Shiota 
 2002 ). The incidence of HPE in live-born children with nor-
mal chromosomes has been estimated to be 0.48–0.88 per 
10,000. In contrast, the rate among human abortions was 
estimated at 40 per 10,000, indicating a very high rate of 
embryonic and fetal loss (Matsunaga and Shiota  1977 ; Shiota 
 1993 ). In a large epidemiologic study in a Californian popu-
lation, Croen et al. ( 1996 ) observed an overall prevalence of 
1.2 per 10,000 live births and fetal deaths (121 HPE cases in 
1,035,386 live births/fetal death deliveries), whereas the 
prevalence for live births was 0.88 per 10,000. In another 
perinatal study from Scotland, Whiteford and Tolmie ( 1996 ) 
found 50 HPE cases in 694,950 live births and stillbirths (a 
prevalence of 0.7 per 10,000). 

 Although the majority of HPE cases are sporadic, famil-
ial HPE has been described in pedigrees, suggesting autoso-
mal dominant, autosomal recessive, and possibly X-linked 
inheritance. The clinical variability can be striking even 
within a single pedigree. In pedigrees with clinically unaf-
fected parents and multiple affected siblings autosomal 
recessive inheritance is suggested. Since abnormal HPE 
genes are not fully penetrant and germ line mosaicism may 
happen, some of these cases may actually be autosomal 
dominant (Nanni et al.  1999 ). The causes of HPE in man 
are summarized in Table  5.4 . Certain chromosomes, chro-
mosome 13 in particular, display recurrent involvement in 
HPE. HPE may be  present in as many as 70 % of trisomy 
13 cases (Taylor  1968 ; Cohen and Sulik  1992 ; Norman 
et al.  1995 ). Cytogenetically verifi ed chromosome abnor-
malities in perinatal studies range from 34 % in Scotland 
(Whiteford and Tolmie  1996 ) to 37 % in California (Croen 
et al.  1996 ). A similar frequency was observed in prena-
tally diagnosed HPE (Berry et al.  1990 ; Blaas et al.  2002 ). 
Cytogenetic studies of HPE patients suggest at least 13 
different autosomal dominant loci (Roessler and Muenke 
 1998 ,  2010 ; Nanni et al.  2000 ; Bendavid et al.  2010 ; Table 
9.10), giving rise to 15–20 % of all cases of HPE (Cohen 
and Shiota  2002 ). Several HPE genes have been identifi ed: 
 SHH  (also known as HPE3: Belloni et al.  1996 ; Roessler 
et al.  1996 ; Nanni et al.  1999 ),  SIX3  (HPE2: Wallis et al. 
 1999 ; Domené et al.  2008 ),  ZIC2  (HPE5: Brown et al. 
 1998 ; Roessler et al.  2009 ),  TGIF  (HPE4: Gripp et al.  2000 ; 
El-Jaick et al.  2007 ),  Patched / PTCH  (Ming and Muenke 
 1998 ; Ming et al.  2002 ),  GLI2  (Roessler et al.  2003 ) and 
 NODAL  (Roessler et al.  2008 ). Of these defective genes 
in human HPE, three exhibit a ventrodorsal gradient of 
expression ( SHH ,  SIX3  and  TGIF ) and two a dorsoven-
tral gradient ( GLI2  and  ZIC2 ). Patients with HPE3 ( SHH ) 
and HPE2 ( SIX3 ) mutations exhibit the HPE spectrum with 
major facial malformations ((Wallis et al.  1999 ), whereas 
 ZIC2  mutations show only minimal facial malformations, 
such as slanting of the frontal bones as a result of micro-
cephaly (Brown et al.  1998 ). Heterozygous carriers for 
mutations in either  SHH  or  SIX3  can appear phenotypi-
cally normal, whereas other heterozygous mutation carri-
ers within the same family may be severely affected (Nanni 
et al.  1999 ). Nanni and co-workers identifi ed three HPE 
patients with an  SHH  mutation and an additional  ZIC2  or 
 TGIF  mutation. The fi rst patient exhibited microcephaly 
due to semilobar HPE but with normal midfacial dimen-
sions and, therefore, this corresponds best with the  ZIC2  
phenotype. The other two cases showed major craniofacial 
abnormalities matching the  SHH  HPE spectrum. HPE may 
occur in a large number of syndromes and associations 
(Siebert et al.  1990 ; Cohen and Sulik  1992 ; Norman et al. 
 1995 ; see Table  5.4  for some examples). Syndromal (not 
chromosomal) conditions with HPE include such diverse 
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disorders as  Meckel-Gruber, Pallister-Hall, Smith-Lemli- 
Opitz and Aicardi syndromes. The  Smith - Lemli - Opitz 
 syndrome  is due to a defi ciency in the fi nal step of cho-
lesterol biosynthesis (Tint et al.  1994 ; Kelley et al.  1996 ; 
Kelley and Hennekam  2001 ; Chap.   3    ).

   The  brain malformations  in HPE will be discussed in 
Chap.   9    . In brief, forebrain malformations range from the 
 alobar ,  complete form  with one single ventricle, undivided 
thalami and corpora striata, and absence of the olfactory 
bulbs and corpus callosum, to the  semilobar ,  incomplete 
form , in which hypoplastic cerebral lobes with an interhemi-
spheric posterior fi ssure and a hypoplastic corpus callosum 
may be present, to the  lobar type , in which a distinct inter-
hemispheric fi ssure is present with some midline continuity 
and the olfactory bulbs may vary from normal to absent. 
HPE can be detected prenatally by ultrasound (Kurtz et al. 

 1980 ; Blaas et al.  2000 ,  2002 ; Clinical Case  5.2 ). In the 
California study (Croen et al.  1996 ), 46 % of HPEs were of 
the alobar type, 20 % semilobar and 5 % lobar. 

 The  facial anomalies  in HPE are usually categorized 
into four main types (DeMyer et al.  1964 ; Cohen and Sulik 
 1992 ; Figs.  5.20  and  5.21 ): (1) cyclopia with a single eye or 
various degrees of doubling of the eye anlage, with or with-
out a proboscis; (2) ethmocephaly with ocular hypotelorism 
and proboscis located between the eyes; (3) cebocephaly 
with ocular hypotelorism and a single-nostril nose; and (4) 
median cleft lip and palate (premaxillary agenesis) and ocu-
lar hypotelorism. Less severe facial dysmorphism, micro-
signs such as a single central incisor and/or ocular 
hypotelorism, and HPE without facial malformations are 
also found (DeMyer et al.  1964 ; Cohen and Sulik  1992 ; 
Brown et al.  1998 ). Five out of the six cases shown in 

    Table 5.4    Aetiology of human holoprosencephaly   

 Causes  Examples  Notes 
 Chromosomal abnormalities  Most frequently involved: 

 Chromosomes 13 and 18 
 Trisomy 13  In 70 % HPE (Taylor  1968 ) 
 Trisomy 18 
 Numerous deletions, duplications, 
and ring chromosomes 

 Examples of deletions and duplications (in order of frequency): 
del(13)(q22), del(18p), del(7)(q36), dup(3)(p24-pter), del(2)(p21), 
del(21)(q22.3); for further data see Schinzel ( 1983 ), Cohen and Sulik 
( 1992 ) and Norman et al. ( 1995 ) 

 Identifi ed genes   SHH  (HPE3)  See text for explanation 
  SIX3  (HPE2) 
  ZIC2  (HPE5) 
  TGIF  (HPE4) 
  Patched/PTCH  
  GLI2  

  NODAL  
 Teratogens  Diabetic embryopathy  HPE in 1–2 % of newborn infants of diabetic mothers 

 Ethyl alcohol (alcohol abuse)  In 28 autopsies with HPE, Jellinger et al. ( 1981 ) found one case in 
which the mother had a history of alcohol abuse; Ronen and Andrews 
( 1991 ) found HPE in 3 such cases 

 Retinoic acid  HPE has been noted (Lammer et al.  1985 ; Rosa et al.  1994 ) 
 Syndromes with HPE  Meckel syndrome  May have HPE with median or lateral cleft lip (Hsia et al.  1971 ) 

 Pallister-Hall syndrome  Congenital hypothalamic hamartoblastoma hypopituitarism, other 
anomalies including HPE (Hall et al.  1980 ), due to mutations in  GLI3  
(Kang et al.  1997 ) 

 Lambotte syndrome  Microcephaly, intellectual disability, ocular hypotelorism (Verloes 
et al.  1990 ) 

 Smith-Lemli-Opitz syndrome  Defi ciency (DCHR7) in cholesterol biosynthesis (Kelley and 
Hennekam  2001 ) 

 Velocardiofacial syndrome  HPE in 1 out of 61 cases (Wraith et al.  1985 ) 
 Aicardi syndrome  Flexion spasms, intellectual disability and agenesis of corpus 

callosum; arhinencephaly in several instances; rarely HPE (Sato et al. 
 1987 ; Donnenfeld et al.  1989 ) 

 Associations  Anencephaly  Cases with holoprosencephalic facies (Lemire et al.  1981 ) 
 Frontonasal dysplasia  Median cleft syndrome (DeMyer  1967 ; Sedano et al.  1970 ) 
 Agnathia-otocephaly  Cyclopia/HPE may occur (Pauli et al.  1983 ; Siebert et al.  1990 ) 

  After Cohen and Sulik ( 1992 ), Norman et al. ( 1995 ), Blaas et al. ( 2002 ), Cohen and Shiota ( 2002 )  
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Fig.  5.21  exhibited major facial malformations, varying 
from agenesis of the eyes to hypotelorism and were holo-
prosencephalic and, as a consequence, microcephalic. In 
these fi ve cases the developing forebrain is too narrow, indi-
cating a lack of outgrowth of the ventral neurectoderm dur-
ing early embryogenesis (Müller and O’Rahilly  1989 ) and, 
as a consequence, insuffi cient EMT in presomite and early 
somite stages (Vermeij-Keers  1990 ). As a result the inter-
placodal area (the area between the nasal placodes) is either 
absent (resulting in agenesis of the eyes and orbits, cyclopia, 
synophthalmia, synorbitism, hypotelorism without a nasal 
septum) or too narrow (hypotelorism with a nasal septum). 
During normal embryonic development, both medial nasal 
processes grow out from the interplacodal area, and give 
rise to the premaxilla, the prolabium, the vomer and other 
parts of the nasal septum. The mesectoderm of this area 
originates from the cranial neural crest and surface ectoder-
mal placodes (Smits-van Prooije et al.  1988 ).

    The embryological background of HPE cases with major 
facial malformations is an abnormally narrow prosencepha-
lon, particularly along its ventral midline, causing agenesis 
or non-separation of the eye primordia, non-separation of the 
thalami and lack of proper outgrowth of the telencephalic 
hemispheres, leading to agenesis of the olfactory bulbs and 
the corpus callosum. This is in keeping with experimental 

studies in animals on the teratogenic effects of drugs and 
other chemicals (Cohen and Sulik  1992 ; Cohen and Shiota 
 2002 ) and data from mice lacking  Shh  (Chiang et al.  1996 ). 
 Shh  expression has been detected in the mouse prechordal 
plate and the ventral neuroectoderm. In chick embryos,  Shh  
expression in the ectoderm of the craniofacial primordia is 
essential for outgrowth of the facial swellings (Helms et al. 
 1997 ; Hu and Helms  1999 ). Moreover,  Six3  participates in 
midline forebrain and eye formation (Bovolenta et al.  1996 ). 
In contrast, in mice  Zic2  is expressed along the dorsal neuro-
ectoderm up to the rostral end of the future telencephalon, 
and reduction of  Zic2  expression causes a neurulation delay 
and inhibition of EMT, which results in HPE and various 
neural tube defects (Nagai et al.  1997 ,  2000 ). These different 
expression patterns,  Shh  and  Six3  in the ventral neuroecto-
derm and  Zic2  in the dorsal neuroectoderm, suggest that 
these genes affect the outgrowth and differentiation of the 
forebrain in different ways. Mutations of genes expressed 
dorsally in the neural tube give rise to either inappropriate 
division of the prosencephalon into cerebral hemispheres 
with agenesis of the telencephalic roof plate, resulting in 
HPE with normal midfacial dimensions (Brown et al.  1998 ; 
Fig.  5.21f ), or defects in the fusion process of the prosence-
phalic neural walls, causing exencephaly and anencephaly 
(Nagai et al.  2000 ).   

  Fig. 5.20    Holoprosencephaly, main types of 
facial malformation: ( a ) cyclopia; ( b ,  c ) single 
median eye with various degrees of doubling 
of ocular structures; ( d ) ethmocephaly; 
( e ) cebocephaly; ( f ) median cleft lip with 
arhinencephaly (After Duhamel  1966 )       
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  Fig. 5.21    Holoprosencephaly, spectrum of craniofacial malforma-
tions. ( a ) Alobar or complete holoprosencephaly was diagnosed by 
ultrasound at 22 weeks of gestation, after which pregnancy was ter-
minated at 24 weeks. At autopsy, the female fetus showed agenesis 
of both eyes and orbits, arhinia and microstomia. ( b ) Frontal view of 
a cyclopic face of a female fetus of approximately 35 weeks of ges-
tation. The fetus had a single eye in a single orbit and fused optic 
nerves, arhinia without proboscis, and agnathia with astomia and 
synotia. The brain showed a complete holoprosencephaly. ( c ) Frontal 
view of a male fetus of 32 weeks of gestation with synorbitism, arhinia 
with proboscis, agnathia with astomia and synotia. The brain showed 

a  semilobar or incomplete holoprosencephaly with a dorsal sac (Chap.   9    ). 
( d ) Frontal view of a female fetus of 32 weeks gestation with hypo-
telorism, arhinia with a septated proboscis, agnathia with astomia 
and synotia. The brain showed an incomplete holoprosencephaly. ( e ) 
A hypoteloric male fetus of 34 weeks of gestation with a fl at nose, cleft 
palate and agenesis of the premaxillae, the prolabium and the nasal 
septum. An incomplete holoprosencephaly was found. ( f ) A case of 
alobar, complete holoprosencephaly with a normal face ( a  Courtesy 
Annemarie Potters, Deventer;  b – e  from the collection of the Museum 
of Anatomy, University of Leiden; courtesy Christl Vermeij-Keers; 
 f  courtesy Raoul Hennekam)       
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 Clinical Case 5.2. Alobar Holoprosencephaly 

  Alobar holoprosencephaly  ( HPE ) and other forms of 
HPE can be detected prenatally by ultrasound. Blaas et al. 
( 2000 ) presented a case of alobar HPE with cyclopia in an 
embryo with a gestational age of 9 weeks and 2 days with 
a crown- rump length (CRL) of 22 mm. Three-dimensional 
ultrasound improved the imaging (see Case Report). 

  Case Report . An 31-year-old gravida 6 para 1 was 
referred to a university hospital because of habitual abortion. 
Her husband had a balanced chromosomal  translocation 

(46, XY, t(8;14)(p21.1;q24.1). At the fi rst examination 
at the gestational age of 9 weeks and 2 days, ultrasound 
examination showed an embryo of 22-mm CRL with 
abnormal development of the brain with a small monoven-
tricular forebrain (Fig.  5.22a ) and a proboscis (Fig.  5.22b ). 
Seven days later, CRL was 33 mm (Fig.  5.22d ). Three-
dimensional reconstructions were made from both exami-
nations (Fig.  5.22c, g ). The body, including the proboscis 
and the brain cavities, were outlined by manual segmen-
tation and given different colours. Two eye anlagen, lying 
closely together below the  proboscis, could be identifi ed 

a

b

e f g h

c d

  Fig. 5.22    Alobar holoprosencephaly at 9 weeks of gestation visu-
alized by two- and three-dimensional ultrasound: ( a – c ) ultrasound 
sections showing the non-separation of the forebrain ( asterisks  in  a  
and  b ) of the 9-week and 2-day-old embryo (crown-rump length, 
 CRL , 22 mm), and three- dimensional reconstruction of the embryo 
with volume presentation of body and brain cavities ( c ); ( d ) three-
dimensional reconstruction 7 days later, the  arrow  points at the 
cyclopia; ( e ) coronal section through the face of a normal fetus 
(CRL 30 mm), showing the normal hypertelorism of the eyes 

( arrows ) at that age; ( f ) fetus with holoprosencephaly (CRL 33 mm) 
with the two eye anlagen lying close together ( arrows ); ( g ) three- 
dimensional reconstruction of the same fetus with the holosphere 
( yellow ) and the cavities of the diencephalon ( D ,  green ), the mesen-
cephalon ( M ,  red ) and the rhombencephalon ( Rh ,  blue ), and the eye 
anlagen ( yellow ,  arrows ); ( h ) postabortem photograph of the fetus 
with cyclopia, two eye anlagen and a proboscis (Reproduced with 
permission from Blaas et al. ( 2000 ); copyright 2000, John Wiley & 
Sons Ltd.)       
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5.8      Abnormal Development of the Skull 
with CNS Manifestations 

 Developmental defects of the cranial vault and face are 
 relatively common, such is the case in craniosynostoses, 
whereas congenital defects of the skull base and sensory cap-
sules (nasal and otic) are relatively rare (Sperber  2002 ). During 
postnatal growth of congenital craniofacial defects, three gen-
eral patterns of development may occur: maintenance of the 
defective growth pattern; catch-up growth, minimizing the 
defect; or marked worsening of the derangement with increas-
ing age. Of great signifi cance to facial development is the nor-
mal closing of the  foramen caecum  in the anterior cranial 
fossa at the fronto-ethmoid junction (Hoving  1993 ). Abnormal 
patency of this foramen, due to non-separation of the neuroec-
toderm and surface ectoderm during neural tube formation, 
allows a pathway for neural tissue to herniate into the nasal 
region, providing the basis of encephaloceles, gliomas and der-
moid cysts that cause gross disfi gurement of facial structures. 

5.8.1        The Craniosynostoses 

 With the ongoing ossifi cation of the calvarial bones during 
embryogenesis, sutures normally arise at the sites were the 
osteogenic fronts of the respective bone centres come into 
close contact. In human fetuses, the fi rst onset of the metopic 
suture is seen at 15 weeks of gestation, the coronal suture 
and lambdoid suture at 16 weeks, and the sagittal suture at 18 
weeks of gestation (Mathijssen et al.  1999 ). From this point 
on, suture development gradually spreads in cranial and cau-
dal direction. 

  Craniosynostoses  are caused by agenesis or premature 
ossifi cation of one or more of these cranial sutures 
(Mathijssen et al.  1996 ). They are the most common devel-
opmental disorders of the skull vault, affecting 1 in 2, 100–
2,500 individuals (Selber et al.  2008 ; Kweldam et al.  2011 ). 

Agenesis and premature closure of calvarial sutures causes 
the cessation of skull growth in the direction perpendicular 
to that of the affected suture. In suture agenesis, direct fusion 
of bone centres takes place at sites where normally sutures 
arise. This can be observed in isolated and syndromic forms 
of craniosynostosis, for example in scaphocephaly and Apert 
syndrome, respectively. In an Apert mouse model (Holmes 
et al.  2009 ) a similar observation was made as in a human 
Apert skull (Mathijssen et al.  1996 ); the fi rst fusion of the 
coronal suture was seen at the initial site of contact between 
the parietal and frontal bones, whereas cranial and caudal to 
this site a patent coronal suture was present. This contact 
seems to indicate true agenesis of the suture due to direct 
fusion of the parietal and frontal bone centres, whereas most 
part of the suture does develop normally, only to close pre-
maturely shortly afterwards, from the site of fusion in cranial 
and caudal direction. Likewise, the peripheral parts of the 
coronal sutures are still visible in most young patients with 
Apert syndrome but ossify rapidly. The timing of this type of 
craniosynostosis can be traced back to the time of suture ini-
tation, as mentioned before (Mathijssen et al.  1999 ). 

 In isolated craniosynostoses no other congenital malfor-
mations are present and usually only one suture is closed, 
whereas craniosynostosis in syndromic cases is accompa-
nied by other anomalies and usually involves more sutures. 
Non-syndromic craniosynostosis is more frequent than syn-
dromic forms. Sagittal synostosis is the most common of the 
non-syndromic synostoses (birth prevalence: 1 in 5,000), fol-
lowed by metopic synostosis (Muenke and Wilkie  2001 ; Van 
der Meulen et al.  2009 ). Depending on which of the sutures 
is closed prematurely and at what starting time, the skull 
develops a characteristic shape (Fig.  5.23 ). The diagnosis of 
craniosynostosis syndromes is mainly by clinical examina-
tion of the presenting craniofacial features.  Trigonocephaly  
results from premature closure of the metopic suture and 
causes a triangular shaped forehead with temporal depres-
sions and hypotelorism.  Scaphocephaly  (or  dolichocephaly ) 

at 10 weeks of gestation (Fig.  5.22f ). There was a small 
 monoventricular holosphere, connected to the diencephalon 
by a narrow duct (Fig.  5.22c, d, f ). Chorion villus biopsy at 
10.5 weeks revealed the same balanced translocation as that 
of the father. The patient was informed about the diagnosis 
of alobar HPE at the fi rst visit. With the informed consent of 
the patient, the pregnancy continued until 12.5 weeks of ges-
tation before it was terminated. This was done to confi rm the 
diagnosis by ultrasound, by karyotyping and by postabor-
tem autopsy. The autopsy  confi rmed the diagnosis of alobar 
HPE, associated with cyclopia with two eye anlagen, a pro-
boscis and a small monoventricular holosphere (Fig.  5.22h ).

   This case was kindly provided by Harm-Gerd Blaas 
(Trondheim). 
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occurs after premature closure of the sagittal suture, result-
ing in a narrow and elongated skull with bossing of the fore-
head, an occipital bullet and a palpable ridge over the ossifi ed 
sagittal suture. Unilateral coronal synostosis gives rise to 
 anterior plagiocephaly , with retrusion of the ipsilateral 
supraorbital rim and forehead and upward displacement of 
the involved orbit. Synostosis of both coronal sutures leads 
to a broad skull with retrusion of the supraorbital rim 
( brachycephaly ). Premature closure of a lambdoid suture 
( posterior plagiocephaly ) is very rare and causes a displace-
ment of the ipsilateral posterior skull base with caudal dis-
placement of the ear and mastoid, and facial scoliosis. 
Complex synostosis, in which two or more sutures are 
involved, can lead to various head shapes depending on the 
involved sutures, including the most severe skull deformity 
the cloverleaf ( Kleeblattschädel ) malformation found in 
thanatophoric dysplasia and severe presentation of Crouzon/
Pfeiffer syndrome.  Pansynostosis  describes the premature 
closure of all sutures and this usually does not cause a change 
in head shape but is likely to induce a decline in growth of 
the head circumference and increased intracranial pressure. 
The only clue that may be present on clinical examination is 
a bulge of the skull at the site of the former anterior fontanel; 
as this is the last part of the skull to ossify, the brain utilizes 
this last resort for its expansion. Pansynostosis is particularly 
common in Crouzon syndrome.

   Craniosynostosis is associated with increased intracranial 
pressure (ICP), with a suture specifi c risk of approximately 
12 % for sagittal synostosis, 9 % for metopic synostosis and 
10 % for unicoronal synostosis (Renier et al.  1982 ;  2000 ; 
Gault et al.  1992 ; Thompson et al.  1995 ; Mathijssen et al. 

 2006 ; Florisson et al.  2010 ). These percentages may rise sig-
nifi cantly with postponing surgery beyond the age of 1; 
reducing these risks on elevated ICP is the main goal of sur-
gery by expanding the intracranial volume. The risk on ele-
vated ICP is much higher for syndromic craniosynostosis 
and is estimated to be 83 % for Apert syndrome (Marucci 
et al.  2008 ), 50–70 % for Crouzon syndrome (Thompson 
et al.  1995 ; De Jong et al.  2009 ) and 20–35 % for Saethre- 
Chotzen syndrome (Kress et al.  2006 ; De Jong et al.  2009 ; 
Woods et al.  2009 ). Muenke syndrome appears to be the 
exception with a risk of only 5 % (Kress et al.  2006 ; De Jong 
et al.  2009 ). Other associated malformations in syndromic 
craniosynostosis are ventriculomegaly (non-progressive 
enlargement of the cerebral ventricles), Chiari I malforma-
tion (herniation of the cerebellar tonsils below the foramen 
magnum of more than 5 mm), impaired vision and hearing, 
obstructive sleep apnea, behavioural disturbances, facial 
deformities such as exorbitism, midface hypoplasia and 
upper eyelid ptosis, and anomalies of the hand and feet. 

 In general, no genetic causes for isolated sagittal or 
metopic suture synostosis are found, although a recent pub-
lication showed copy number variations or mutations in the 
 FREM1  gene in eight out of 109 patients with metopic 
suture synostosis (Vissers et al.  2011 ). However, six of these 
eight patients demonstrated midface hypoplasia, suggesting 
that these patients do not represent a true isolated craniosyn-
ostosis. In a large genome-wide association study on 130 
patients with isolated sagittal suture synostosis and their 
parents, a robust association was found with  BMP2  and 
 BBS9  genes that are involved in skeletal development 
(Justice et al.  2012 ). By contrast, an increasing number of 
genes involved in craniosynostosis syndromes are recog-
nized and listed in Table  5.5 .

   The  classic craniosynostosis syndromes  are inherited as 
autosomal dominant traits and include Apert (ligand- 
independent Ser252Trp or Pro253Arg fi broblast growth fac-
tor receptor ( FGFR2 ) mutations), Saethre-Chotzen ( TWIST1  
mutation or deletion), Crouzon/Pfeiffer (ligand-dependent 
 FGFR2  mutations and rarely of  FGFR1  or F GFR3 ) and 
Muenke syndromes (P250R  FGFR3  mutation) (Figs.  5.24 , 
 5.25  and  5.26 ). The  FGFR  mutations are gain of function 
mutations, whereas those in  TWIST1  are loss of function 
mutations. Many de novo  FGFR  mutations encode highly 
recurrent missense substitutions, which arise exclusively 
from the father and are associated with increased paternal 
age (Glaser et al.  2000 ; Goriely and Wilkie  2012 ; Rannan- 
Eliya et al.  2004 ). Crouzon and Pfeiffer syndromes can be 
associated with exactly the same mutations in  FGFR2  gene, 
indicating that they probably represent a variance of pheno-
type rather than two separate disorders.

     The coronal synostosis is most likely to be affected in 
syndromic cases of craniosynostosis. The reason for this is 
probably related to the fact that the coronal suture develops 
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  Fig. 5.23    Premature ossifi cation of the cranial sutures leads to an 
abnormal head shape: ( a ) normal skull; ( b ) trigonocephaly; ( c ) brachy-
cephaly; ( d ) anterior plagiocephaly; ( e ) posterior plagiocephaly; ( f ) 
dolichocephaly (After Cohen and MacLean ( 2000 ))       
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between the frontal bone and the parietal bone which have a 
different origin, being derived from neural crest and meso-
derm, respectively. Within the centre of the sutures a popula-
tion of undifferentiated cells maintain the patency of the 
suture by proliferation, whereas growth of the bone plates is 
provided by osteogenic differentiation at their periphery 
(Morriss-Kay and Wilkie  2005 ). In mice,  twist1  is expressed 
in mesenchymal cells within the area of the coronal suture 

even before suture development begins (Rice et al.  2000 ). 
TWIST1 expression precedes the FGFR expression, and 
FGFRs are particularly expressed at the bony edges of the 
frontal and parietal bones (Johnson et al.  2000 ). The  TCF12  
gene was recently discovered to be involved in coronal suture 
synostosis and its protein acts synergistically with TWIST1 
(Sharma et al.  2013 ). FGFRs and their ligands are involved 
in controlling the levels of cell proliferation and  differentiation 

   Table 5.5    Overview of the more common syndromic craniosynostoses   

 Craniosynostosis syndrome/OMIM number  Main features  Involved sutures  Inheritance  Gene defect 

 Apert syndrome/101200  Intellectual disability, midface 
defi ciency, proptosis, 
down-slanting palpebral 
fi ssures, complex symmetrical 
syndactyly of hands and feet 
(either of digits I–V or II–IV) 

 Bilateral coronal 
sutures 

 AD (most cases 
new mutations) 

  FGFR2  

 Crouzon syndrome/123500  Midface hypoplasia, 
exorbitism, ventriculomegaly, 
Chiari I 

 Bilateral coronal, 
then all sutures; 
may have a 
postnatal onset 

 AD  Mainly  FGFR2  
(Reardon et al.  1994 ); 
 FGFR3  (Meyers et al. 
 1995 ); very seldom 
 FGFR1  (Muenke et al. 
 1994 ) 

 Pfeiffer syndrome/101600  Severe presentation of 
Crouzon syndrome, often 
with broad thumbs and toes is 
frequently referred to as 
Pfeiffer syndrome 

 Saethre-Chotzen syndrome/101400  Low-set frontal hairline, 
ptosis, variable brachydactyly 
and cutaneous syndactyly 

 Coronal, uni- or 
bilateral 

 AD   TWIST1 ( Howard et al. 
 1997 ; El Ghouzi et al. 
 1997 ) 

 Muenke syndrome/602849, 600593  Macrocephaly, uni- or 
bicoronal synostosis, 
temporal widening, 
brachydactyly, behavioural 
disturbances 

 None, uni- or 
bicoronal 
synostosis 

 AD   P250R FGFR3  
(Muenke et al.  1997 ) 

 Boston type craniosynostosis/12310.001  Variable craniosynostosis; 
supraorbital recession; short 
fi rst metatarsals 

 AD   MSX2  (Jabs et al.  1993 ) 

 Beare-Stevenson syndrome/123790  Variable craniosynostosis, 
cutis gyrata, acanthosis 
nigricans 

 Usually sporadic 
mutations 

  FGFR2  (Przylepa et al. 
 1996 ) 

 Craniofrontonasal syndrome  Hypertelorism, orbital 
dystopia, bifi d nose, ridging 
of nails 

 Uni- or bicoronal 
synostosis 

 AD   EFNB1  (Twigg et al. 
 2004 ) 

 TCF12  Appears to be isolated  Uni- or bicoronal 
synostosis 

  TCF12  (Sharma et al. 
 2013 ) 

 ERF  Mild midface hypoplasia and 
exorbitism, behavioural or 
learning disabilities, Chiari I 

 Complex 
synostosis 

  ERF  (Twigg et al.  2013 ) 

 Carpenter syndrome  Obesity, polydactyly, 
syndactyly, brachydactyly, 
molar agenesis, 
hypogenitalism, cardiac 
defects, learning disability 

 Metopic and 
sagittal synostosis 

 AR   RAB23  (Jenkins et al. 
( 2007 );  rarely MEGF8  
(Twigg et al.  2012 ) 

 Greig syndrome  Polydactyly, syndactyly  Metopic synostosis  AD   GLI3  (McDonald- 
McGinn et al.  2010 ) 

 IL11RA  Maxillary hypoplasia, 
delayed tooth eruption, 
supernumerary teeth 

 All sutures affected 
with variable skull 
shapes 

 AR   IL11RA  (Nieminen 
et al.  2011 ) 
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(Iseki et al.  1999 ). In a mouse model with the Apert  mutation 
Ser252Trp in FGFR2 it was demonstrated that expression of 
the mutation in only mesoderm was suffi cient to cause cra-
niosynostosis, whereas expression in just the neural-crest 
derived cells did not (Holmes and Basilico  2012 ). This study 
also excludes suggested etiological roles for the dura mater 
and skull base changes in craniosynostosis. The activating 
FGFR2 mutation in this mouse model particularly seems to 
allow the recruitment of osteoprogenitor cells at the site of 
suture initiation, thus causing fusion of the approaching 
bones (Holmes et al.  2009 ). The more common syndromic 
craniosynostoses will be briefl y discussed. 

  Apert syndrome  or acrocephalosyndactyly (Apert  1906 ) 
is characterized by bilateral coronal suture synostosis 

(Fig.  5.24a, b ) and an enlarged anterior fontanel that extends 
in between the frontal bones up to the nasal bones at birth, 
exorbitism, hypertelorism, strabismus, midfacial hypoplasia, 
and symmetrical complex syndactyly of the hands and feet 
(Cohen and Kreiborg  1993 ,  1995 ). Intellectual disability is 
common and often severe. Conductive hearing loss is fre-
quent. Non-progressive ventriculomegaly and agenesis of 
the corpus callosum are common CNS malformations 
(Cohen and Kreiborg  1990 ; Clinical Case  5.4 ). Almost all 
cases with Apert syndrome are associated with either of two 
 FGFR2  mutations, Ser252Trp or Pro253Arg (Park et al. 
 1995 ; Wilkie et al.  1995 ). Rare genetic causes of Apert are a 
1.93 kb deletion and a 5′ truncated Alu insertion in FGFR2 
(Bochukova et al.  2009 ). 

  Fig. 5.24    Dysmorphology of the head in Apert ( a ,  b ), Crouzon ( c ,  d ), and Pfeiffer ( e ,  f ) syndromes (Courtesy Michiel Vaandrager, Rotterdam)       
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  Crouzon syndrome  (Crouzon  1912 ; Kreiborg  1981 ) is 
characterized by bicoronal craniosynostosis in which even-
tually all calvarial sutures can be involved (Fig.  5.24c, d ). 
At birth, the sutures can still be patent with pansynostosis 
 occurring in the fi rst few years of life. Other characteristic 
fi ndings are midfacial hypoplasia, exorbitism, hyper-
telorism and unaffected limbs or broad thumbs and hallu-
ces. Crouzon syndrome is most commonly caused by 
mutations in the  FGFR2  gene (Jabs et al.  1994 ; Reardon 
et al.  1994 ; Passos- Bueno et al.  1999 ).  Pfeiffer syndrome  
(Pfeiffer  1964 ; Cohen  1993 ) appears to be the severe pre-
sentation of similar FGFR2 mutations and this diagnosis is 
particularly used in patients with a cloverleaf skull and/or 
patients with broad thumbs and halluces. Patients with 
Crouzon syndrome are particularly at risk for developing 
Chiari I malformation. 

 Typical characterics of the  Saethre - Chotzen syndrome  
(Saethre  1931 ; Chotzen  1932 ) are bilateral coronal syn-
ostosis (Fig.  5.25 ), hypertelorism, unilateral or bilateral 
ptosis of the upper eyelids, low-set hairline, hearing 
loss, brachydactyly and soft tissue syndactyly. Saethre-
Chotzen syndrome has been linked to the  TWIST1  gene 
on chromosome 7p21.1. Mutations in and variably sized 
deletions of this gene can be found in patients with clini-
cal features of Saethre-Chotzen syndrome. The clini-
cal spectrum of genetic abnormalities of the  TWIST1  
gene is highly variable. In a large five- generation fam-
ily with characteristics of Saethre-Chotzen syndrome as 

well as of the blepharophimosis-ptosis-epicanthus inver-
sus  syndrome, only two patients of the family had cra-
niosynostosis (de Heer et al.  2004 ).  TWIST1  deletions 
often also include part of the surrounding chromosome 7p 
and, patients with large  TWIST  deletions may suffer from 
mental retardation, de Heer et al. ( 2004 ). Distinction with 
Muenke  syndrome may be difficult based on phenotype 
and also a resemblance with TCF12 related craniosynos-
tosis occurs. Before the discovery of the P250R mutation 
in FGFR3 gene (Muenke et al.  1997 ), most patients with 
Muenke syndrome were clinically classified as Saethre-
Chotzen syndrome.  Muenke syndrome  is characterized 
by an enlarged skull without synostosis or with unicoro-
nal or bicoronal synostosis, and a rather high incidence of 
disturbed behaviour. 

  Craniofrontonasal syndrome  is an X-linked disorder that 
is often associated with coronal synostosis, hypertelorism, 
and ridging of the nails (Cohen  1979 ; Gorlin et al.  2001 ). Its 
genetic cause is found in loss of function mutations in 
 EFNB1  (Twigg et al.  2004 ; Twigg et al.  2006 ; Wallis et al. 
 2008 ). Males are usually only mildly affected with hyper-
telorism. Proving the presence of an EFNB1 mutation may 
be hampered because of mosaicism. 

 Infants suffering from  thanatophoric dwarfism  or  dys-
plasia  usually die shortly after birth, at least partially 
because of respiratory insufficiency. The patients show 
severe skeletal abnormalities, including a form of cranio-
synostosis with trilocular configuration of the skull 

  Fig. 5.25    Dysmorphology 
of the head in Saethre-Chotzen 
syndrome with a  TWIST  
mutation (Courtesy I. Marieke 
de Heer, Rotterdam)       
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known as cloverleaf skull ( Kleeblattschädel ) and typical 
facial dysmorphology (Clinical Case  5.5 ). Temporal lobe 
abnormalities are a consistent abnormality (Knisely and 

Ambler  1988 ; Norman et al.  1995 ). Mutations in  FGFR3  
have been described by Tavormina et al. ( 1995 ); Clinical 
Case  5.5 .     

 Clinical Case 5.3. Prenatal Diagnosis 
of Apert Syndrome 

 Prenatal diagnosis of  Apert syndrome , including amnio-
centesis with confi rmation of the gene mutation is rare, 
as many cases are not diagnosed until delivery. The best 
diagnostic clue on ultrasonography is an abnormal cal-
varial shape with severe syndactyly of hands and feet. 
Frontal bossing with midfacial hypoplasia in combina-
tion with polyhydramnios are fi ndings that become more 
prominent later in pregnancy. Most prenatally detected 
cases of Apert syndrome were reported in the third tri-
mester since the craniofacial and digital abnormalities 
and polyhydramnios associated with Apert syndrome are 
then more obvious (Athanasiadis et al. 2008; Pooh 2009). 
A recent case is shown as Case Report. 

  Case Report . The non-consanguineous parents, the 
mother 37 years of age, the father 45, already have a 
healthy boy. During routine 20-weeks pregnancy ultraso-
nography elsewhere, no congenital abnormalities were 
found. When positive dyscongruence was noticed at 28 
weeks, an ultrasound was made to evaluate growth. 
Macrosomia was confi rmed, but also enlarged cerebral 
ventricles were seen (Fig.  5.26 ). At 29 weeks and 5 days, 
amniocentesis was performed and the tests revealed a 
 pSer252Trp FGFR2  mutation, indicating Apert syn-
drome. Delivery was scheduled at a children’s hospital 
given the high risk of obstructive sleep apnea. After 
induction of labour at 38 weeks, a boy was born with 
somewhat atypical craniofacial features for Apert syn-
drome. Besides the bilateral coronal suture synostosis, the 
metopic suture was also closed prematurely, resulting in 
hypotelorism instead of the usually encountered hyper-
telorism. Midface hypoplasia with exorbitism was marked 
and complex syndactyly of both hands and feet was pres-
ent. At the age of 2 months, papilledema was detected 
through fundoscopy and the boy developed epilepsy. MRI 
showed a normal corpus callosum and hypoplasia of the 
septum pellucidum. 

 This case was kindly provided by Remke C Dullemond 
(Rotterdam). 
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  Fig. 5.26    3D-Ultrasonography at 36 weeks of gestation, showing 
an abnormal calvarial shape, exorbitism and complex syndactyly of 
the hand (Courtesy Remke Dullemond, Rotterdam)       
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 Clinical Case 5.4. Apert Syndrome 

  Apert syndrome , described by Apert ( 1906 ) as acroceph-
alosyndactyly, is characterized by bilateral coronal suture 
synostosis, related skull malformations, intellectual dis-
ability, complex syndactyly of the hands and feet, and 
frequently deafness and optic atrophy (Apert  1906 ; Cohen 
and Kreiborg  1995 ). The most frequently associated cere-
bral malformations are hypoplasia of the corpus callosum 
and the septum pellucidum, and ventricular enlargement 
(Cohen and Kreiborg  1990 ; see Case Report). 

  Case Report . After an uneventful pregnancy, a boy 
was born as the seventh child in a family with six healthy 
children. He was born at term with a birth weight of 
3,724 g. He had a dysmorphic head with a prominent 
forehead, retraction of the glabella and upper nose bridge, 
midfacial hypoplasia and low-implanted ears. There was 
bilateral choanal atresia. The posterior part of the head 
was fl at with a broad neck. There was symmetric complex 
syndactyly of the fi ngers 2–5 of the hands and of toes 1–5. 
The boy died from severe cardiorespiratory failure due to 
the following complex malformations of the heart: abnormal 
venous return of systemic vessels with a persistent left 

vena cava superior draining through the coronary sinus 
into the right atrium; hypoplasia of the left ventricle and 
aorta; bicuspid aortic valve; aortic coarctation, and a per-
sistent patent ductus arteriosus. Head circumference was 
36.5 cm (P50) with a shorter-than-normal anteroposterior 
diameter. This was refl ected in a shortened brain with 
relatively small parieto-occipital lobes (Fig.  5.27a ). There 
was partial agenesis of the corpus callosum, the posterior 
part of which was absent. Moreover, the septum pellu-
cidum was absent. The pyramids were hypoplastic, and 
were fl anked by rather large, somewhat plump inferior 
olives (Fig.  5.27b ).

   This case was kindly provided by Pieter Wesseling 
(Nijmegen). 
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  Fig. 5.27    Apert syndrome: ( a ) medial view of the brain, showing 
the short anteroposterior diameter of the brain, a relatively small 
parietal- occipital lobe, incomplete corpus callosum, and absent 

 septum pellucidum; ( b ) Luxol Fast Blue stained section through the 
medulla oblongata, showing large inferior olives and hypoplastic 
pyramids (Courtesy Pieter Wesseling, Nijmegen)       
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 Clinical Case 5.5. Thanatophoric Dysplasia 

  Thanatophoric dysplasia  is the most common form of 
lethal skeletal dysplasia. The name is derived from the 
Greek  thanatus  (death) and  phorus  (seeking). Holtermüller 
and Wiedemann (1960) described a form of craniosynos-
tosis with trilocular confi guration of the skull and severe 
internal hydrocephalus as ‘ Kleeblattschädel ’ (cloverleaf 
skull) as an isolated anomaly but also in combination with 
generalized skeletal dysplasia. Different mutations at the 

FGFR3 locus give rise to distinct phenotypes (Cohen 
1997; Hall and Lopez-Rangel 1997; Itoh et al. 2013). 
Abnormalities in the CNS mainly affect the temporal 
lobe. A fetus and a newborn are shown as Case Reports. 
  Case Reports : 

  Case 1 : Fetal ultrasonography at the 18th week of ges-
tation revealed the presence of thanatophoric dysplasia 
with characteristic bone features (Fig.  5.28a, b ). The 
female fetus was stillborn at the 21st week of gestation, 
showing marked shortening of the long bones, a small 

a c d

e

f

b

  Fig. 5.28    A fetal case of thanatophoric dysplasia: ( a ,  b ) 
3D-ultrasonography of the fetal body at the 18th week of gestation, 
showing relatively short vertebral size ( a ) and curved and short 
femurs ( b ); ( c ) macroscopic features at the 21st week of gestation 
with marked shortening of the long bones, a small thorax and curved 
short femurs but without a cloverleaf skull; ( d ) macroscopy of the 
brain; ( e ) a series of coronal sections of the brain; the right temporal 
lobe was enlarged and hyperconvoluted with broad gyri and deep 

sulci; ( g ) abnormal gyri of the right temporal cortex and dysplastic 
hippocampus, showing polymicrogyria and small nests of heteroto-
pia; ( f ,  h ) hippocampal dysplasia ( h ) and subarachnoidal heteroto-
pia in the entorhinal cortex ( f ; doublecortin immunohistochemistry); 
( i ) temporal lobe showing heterotopic neuronal nest and a thick sub-
ventricular zone immunoreactive for Ki-67; the scale bars are 2 cm 
( c ), 1 cm ( e ), 80 μm ( f ), 300 μm ( h ) and 600 μm ( i ), respectively 
(Courtesy Kyoko Itoh, Kyoto)       
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thorax and curved short femurs, but no cloverleaf skull 
yet (Fig.  5.28c ). Both temporal lobes were enlarged and 
hyperconvoluted with broad gyri and deep sulci 
(Fig.  5.28d, e ), which were composed of focal polymicro-
gyria-like shallow sulci and heterotopic neuroblastic cells 
in the intermediate and marginal zones (Fig.  5.28g ). The 
cytoarchitecture from the entorhinal cortex to Ammon’s 
horn was disorganized (Fig.  5.28h ) with leptomeningeal 
glioneuronal heterotopia, immunoreactive for doublecor-
tin (Fig.  5.28f ) and nestin. Abundant precursor cells, 
immunoreactive for nestin and Ki-67 were observed with 
scattered mitoses in the thickened inner intermediate and 
subventricular zones of the temporal and occipital lobes 
(Fig.  5.28i ). Genetic analysis revealed a point mutation at 
C8526T (R248C) in exon 7 of  FGFR3 .

    Case 2 : This girl was the second child of a 31-year-old 
healthy mother. After an uneventful pregnancy, apart from 
breech position, she was born by Caesarean section at 41 
weeks of gestation. Birth weight was 4,200 g and crown-
heel- length 42 cm (much less than P3). The skull was 
broad and large with frontal bossing (Fig.  5.29a, b ; head 
circumference was 40 cm; much greater than P97). There 
was micromelia with phonehorn-formed long bones, a 
small and short thorax, and hypoplastic lungs. The baby 
died after 3 days. The babygram showed the typical con-
fi guration of thanatophoric dysplasia. The brain was 
megalencephalic and weighed 551 g (normal 420 ± 33 g). 
Both hippocampi lacked normal enrolling (Fig.  5.29c ). A 
leptomeningeal neuroglial ectopia was found in the left 
hippocampal region.

g h i

Fig. 5.28 (continued)

ca b

  Fig. 5.29    Thanatophoric dysplasia: frontal ( a ) and lateral ( b ) views of the full-term neonate; ( c ) transverse section through the brain show-
ing the lack of normal enrolling of the hippocampus on both sides (Courtesy Martin Lammens, Nijmegen)       
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   The fi rst case was kindly provided by Kyoko Itoh (Kyoto) 
and the second one by Martin Lammens (Antwerpen). 
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5.8.2     Cranial Base Abnormalities 

 Abnormalities of the cranial base, and of the cervico- 
occipital junction in particular, account for some serious 
neurological problems in infants and children (Aicardi 
 1998 ). The Chiari malformations are discussed in Chap.   4    . 
Most cases of   basilar impression  are congenital and may be 
familial (Bull et al.  1955 ; Coria et al.  1983 ), but acquired 
cases occur. The degree of impression is variable. In  platy-
basia , the base of the skull is fl at. Partial forms exist and are 
often associated with various abnormalities of the atlas and 
condylar processes (Bull et al.  1955 ; Wackenheim  1967 ). 
Underlying neural anomalies are hydrosyringomyelia, 
fi brous bands compressing the lower brain stem, abnormal 
vessels and kinking of the medulla. Decompression of the 
posterior fossa can considerably improve the anatomy of 
the spinal cord (Menezes et al.  1980 ). A  narrow foramen 
magnum  is common in achondroplasia (Reid et al.  1987 ; 
Nelson et al.  1988 ). In many craniosynostosis syndromes, 
the cranial base is deformed (Van der Meulen et al.  1990 ). 
Recently, a smaller foramen magnum in Crouzon syn-
drome was shown to be caused by premature closure of the 
 intra-occipital  synchondroses (Rijken et al.  2013 ).  Cervical 
vertebral blocks  occur most commonly in Klippel-Feil syn-
drome (Chap.   6    ).      
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