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Abstract
The effect of the brain on the morphology of the face has long been recognized in both
evolutionary biology and clinical medicine. In this paper we describe factors that are active
between development of the brain and face and how these might impact craniofacial variation.
First, there is the physical influence of the brain, which contributes to overall growth and
morphology of the face through direct structural interactions. Second, there is the molecular
influence of the brain, which signals to facial tissues to establish signaling centers that regulate
patterned growth. Importantly, subtle alterations to these physical or molecular interactions may
contribute to both normal and abnormal variation. These interactions are therefore critical to our
understanding of how a diversity of facial morphologies can be generated both within species and
across evolutionary time.
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Introduction
Development of the vertebrate face occurs through the growth and fusion of distinct
primordia into an integrated structure. Facial primordia are comprised of a mesodermal core
surrounded by neural crest mesenchyme and encased in epithelia derived from ectoderm or
ectoderm and endoderm. Each primordium contributes to a distinct region of the adult face:
the lower jaw is derived primarily from the paired mandibular processes, while the lateral
part of the upper jaw is formed from the paired maxillary and lateral nasal processes, and the
middle part of the upper jaw and mid-face are derived from the median nasal processes and
the frontonasal process (FNP). Morphogenetic events within each region are governed by
signaling interactions among adjacent tissues. For instance, in the mandibular processes, and
in the other pharyngeal arches, endoderm, neural crest mesenchyme, paraxial mesoderm,
and overlying surface ectoderm interact to control the patterned growth of the arch
derivatives (Reviewed in: (Chai and Maxson, 2006; Graham et al., 2005; Richman and Lee,
2003; Szabo-Rogers et al., 2009b)). Similarly, in the maxillary, lateral nasal, median nasal,
and frontonasal processes interactions among the composite tissues produce the distinct
morphologies of the upper jaw and midface and are likely to contribute to morphologic
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differences observed among and within populations of vertebrates. In this article we review
the current understanding of the role of the forebrain, neural crest mesenchyme, and surface
cephalic ectoderm during patterning and growth of the upper jaw and mid-face and their
contribution to variation in morphology by focusing primarily on our own work defining the
role of one important signaling center known as the frontonasal ectodermal zone (FEZ).

The Brain Physically Shapes the Face
Physical interactions between the brain and face begin during the initial formation of the
face and continue throughout the fetal and early post-natal periods (Fig. 1). Initially, the
prominences are situated on a base formed by the anterior neural tube and outgrowth and
fusion of the facial prominences occur in close association with the rapidly developing
brain. During early face formation the cranial neural tube is large relative to the face, and as
development proceeds, the neural tube also grows. Hence the rate of neural tube expansion
relative to facial prominence outgrowth can have important effects. Based on analyses of 3D
reconstructions and medial plane sections of human embryos, Diewert et al. (Diewert and
Lozanoff, 1993; Diewert et al., 1993) have shown that brain development impacts the
positioning of the facial prominences relative to each other, the brain, and the eyes. We have
further examined the effect of brain growth on facial morphogenesis using a wide range of
genetically varied strains of mice that differ in rates of brain and face growth. Using 3D
morphometrics to analyze the embryonic shape of one of these strains, Crf4, we discovered
that reduction in brain growth produces an earlier developing and more prognathic (longer)
face (Boughner et al., 2008). These results indicate that when the brain is smaller, the face
forms on a smaller platform, and thus the same amount of facial outgrowth will produce a
more prognathic and developmentally advanced face (Figure 1B).

While this work clearly demonstrates the effect of brain growth on early facial development,
how this physical interaction influences facial morphology at later development time points
is more poorly understood. For instance, despite having a long face at embryonic time
points, the Crf4 mice have surprisingly shorter faces compared to controls as adults,
suggesting other factors may come into play that are not necessarily driven by brain-face
interactions. Diewert suggests that once cartilaginous elements of the face are formed, the
brain-face interaction is less important, because morphogenesis in the skull is being driven
primarily by intrinsic cartilaginous growth (Diewert, 1983; Diewert, 1985). This issue has
not been explored experimentally, but there is morphometric evidence that throughout the
course of brain growth, correlated variation is produced between the neurocranium and
surrounding bony structures, including the face (Hallgrimsson et al., 2007a) (Aldridge et al.,
2005; Richtsmeier et al., 2006; Richtsmeier and Deleon, 2009). In humans, there is
correlated brain and facial variation in dysmorphologies such as cleft lip and palate
(Weinberg et al, 2009). However, there is no definitive answer as to when during the course
of fetal and postnatal growth, correlated morphological variation between the brain and face
appears. Clearly though, understanding these continued interactions will be essential for a
complete understanding of mechanisms that produce the ultimate adult facial form.

The Role of Epithelial-Mesenchymal Interactions in Facial Development
Epithelial-mesenchymal interactions are a hallmark of vertebrate development and regulate
a wide array of histo- and morphogenetic processes. In the face, a series of iterative
signaling interactions between the surface cephalic ectoderm and the underlying neural crest
cells control facial morphogenesis. These types of interactions have been proposed to co-
ordinate development of the upper and lower jaw (Depew and Compagnucci, 2008). Our
work has defined an important signaling center located in the surface cephalic ectoderm of
the upper jaw in mammals and avians (Hu et al., 2003; Hu and Marcucio, 2009b) that may
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contribute to this co-ordinated growth by regulating morphogenesis of the upper jaw. This
signaling center, which we named the Frontonasal Ectodermal Zone (FEZ; (Hu et al.,
2003)), is defined by the presence of a boundary between Sonic hedgehog (Shh) and
Fibroblast growth factor 8 (Fgf8) expressing cells located within the ectoderm covering the
FNP of stage 20 (Hamburger, 1951) chick embryos (Fig. 2). When transplanted to ectopic
regions of the upper or lower jaw, the FEZ induces duplications of the underlying skeleton.
Additionally, when the tissue is simply rotated rather than transplanted ectopically, the
dorso-ventral polarity of the upper jaw is altered due to the presence of multiple Shh/Fgf8
boundaries. From these results we concluded that the FEZ not only induces skeletogenesis,
but also specifies the pattern of the underlying mesenchymal cells and controls
morphogenesis of the upper jaw. Subsequently we have determined that the FEZ is present
in mouse embryos (Hu and Marcucio, 2009b), and Shh expression in human embryos
suggests these embryos also have a FEZ (Odent et al., 1999). Thus, the FEZ appears to be a
universal signaling center that controls growth and patterning of the distal portion of the
upper jaw in vertebrates. Interestingly, when the FEZ was transplanted to the hyoid arch,
which is filled with cells that express Homeobox genes, no effect on the underlying
mesenchyme was observed. These results indicate that the underlying mesenchyme must be
capable of responding to signals from the FEZ and the HOX code may help restrict this
potential to anterior regions of the skull.

Defining the phenomenon associated with FEZ activity has been relatively straightforward,
but identifying the molecular mechanisms that underlie the ability of the FEZ to regulate
patterned growth has been more challenging. In our initial experiments we showed that the
FEZ induces expression of Ptc and Gli1, two downstream targets of Shh signaling
(Dahmane et al., 1997; Goodrich and Scott, 1998; Ruiz i Altaba, 1997), in the mesenchyme,
suggesting that Shh signals from the FEZ to the mesenchyme may be important for the
patterning activity of the FEZ. Mechanistic understanding of the importance of Shh
signaling within neural crest cells of the jaw have come from a number of different studies.
Removing the ability of neural crest cells to transduce a Hh signal by conditional deletion of
Smoothened (Smo) in developing neural crest cells reduces proliferation of the mesenchymal
cells and produces severe malformations of the upper jaw (Jeong et al., 2004). Additionally,
Shh from the ruggae of the epithelium covering the secondary palate appears to direct
growth and may produce variation within the secondary palate (Welsh and O'Brien, 2009).
In the lower jaw ectopic Shh from the pharyngeal endoderm is required for survival of
neural crest cells and mandibular morphogenesis (Ahlgren and Bronner-Fraser, 1999; Brito
et al., 2006). Further, activation of Shh signaling induces mirror image duplications of the
mandible by regulating the expression patterns of various signaling molecules that act to
control growth and patterning of the mandibular process (Brito et al., 2008). Together, these
data illustrate the importance of Shh signaling during facial development, and that Shh from
the FEZ acts to control growth centers that control morphogenesis of the facial structures.
More recently, we have shown that transplantation of the FEZ induces expression of Bmp2,
Bmp4, and Bmp7 in the underlying mesenchyme (Hu and Marcucio, 2009b). Additionally,
by using retroviral mediated gene transfer, Azbhanov et al experimentally created multiple
Shh/Fgf8 boundaries in the head of chick embryos, and determined that each boundary was
associated with ectopic expression of Bmp4 and induction of chondrogenesis in the
underlying mesenchyme (Abzhanov and Tabin, 2004). Hence, regulating the spatial pattern1
of expression of various Bmps in the mesenchyme may be a key component underlying FEZ
function, because Bmps regulate growth zones that distinguish the faces of various avian
species (Abzhanov et al., 2004; Wu et al., 2006; Wu et al., 2004) and are key regulators of
chondrogenesis (Rosen, 2006). In the head blockade of Bmp signaling inhibits
chondrogenesis and osteogenesis (Abzhanov et al., 2007; Ashique et al., 2002b; Hu et al.,
2008), while activation of the Bmp pathway leads to ectopic cartilage formation and
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converts what would normally be dermal bone into cartilage (Abzhanov et al., 2007; Hu et
al., 2008).

While our work has focused on the role of Shh and Fgf8 in mediating FEZ activity, other
molecules are also expressed by the FEZ and are likely to participate in FEZ function
(Ashique et al., 2002a; Foppiano et al., 2007; Francis-West et al., 1998; Geetha-Loganathan
et al., 2009). Bmp2, Bmp4, and Bmp7 all have unique spatial expression patterns within the
FEZ (Foppiano et al., 2007; Francis-West et al., 1994). Blocking Bmp signaling within the
developing upper jaw decreases cell proliferation, alters gene expression patterns, creates
defects in growth of the upper jaw anlagen, and leads to cleft lip and palate in chick embryos
(Ashique et al., 2002a; Foppiano et al., 2007). Ectopic activation of the Bmp pathway alters
morphology of the developing jaw (Barlow and Francis-West, 1997). Changes in gene
expression in response to ectopic Bmp2 or Bmp4 were correlated with bifurcations of the
palatine bone in the upper jaw, which suggests that Bmp signaling may participate in the
patterning activity of the FEZ by helping to regulate bone growth. Additionally, genes
encoding canonical Wnt ligands are expressed in various regions of the surface ectoderm
and may signal within the plane of the epithelium (Geetha-Loganathan et al., 2009; Hu and
Marcucio, 2009a) and/or to the mesenchyme (Geetha-Loganathan et al., 2009) to control
facial morphogenesis.

In addition to the FEZ, another signaling center that participates in facial morphogenesis is
present in the facial ectoderm. Szabo-Rogers et al. have determined that molecular signals
including Fgf8 from the nasal pit are necessary for patterning the proximal and lateral
portion of the upper jaw (Szabo-Rogers et al., 2008; Szabo-Rogers et al., 2009a). The nasal
pit appears to work in a fashion similar to the FEZ by regulating expression of key
molecules in the mesenchyme and establishing gene expression domains in the ectoderm
(Firnberg and Neubuser, 2002; Szabo-Rogers et al., 2009a). Blocking Fgf signaling from the
nasal pit creates malformations of the upper jaw due to decreased cell survival and
proliferation and altered patterns of gene expression (Hu and Marcucio, 2009a; Szabo-
Rogers et al., 2008).

Ontogeny of Gene Expression in the FEZ Suggests Multiple Modes of
Regulation

Our initial description of the FEZ was based upon the anatomical boundary between Fgf8
and Shh expressing cells in the surface cephalic ectoderm beginning at stage 20 in chick
embryos. However, prior to this stage the boundary between these genes is not apparent.
Fgf8 transcripts are expressed in this ectoderm from very early stages of development.
Before the anterior neuropore closes at stage 10, the Fgf8 is expressed in a continuous
domain that spans from within the anterior forebrain through the closing neuropore to the
surface cephalic ectoderm. When the neuropore closes, the Fgf8 domain becomes segregated
into distinct forebrain and surface ectodermal domains (Ohkubo et al., 2002). Similarly,
Bmp2, Bmp4, Bmp7 are expressed in the surface cephalic ectoderm from early stages of
development. In contrast, Shh expression does not begin until the neural crest cells arrive in
the FNP beginning around stage 19–20. At this time, Shh expression is induced in the
ectoderm and the boundary between Fgf8 and Shh-expressing cells is apparent (Marcucio et
al., 2005). Given the importance of Shh signaling from the FEZ for morphogenesis of the
upper jaw (Jeong et al., 2004), understanding how Shh expression is induced in the FEZ is
essential for understanding morphogenesis in this region of the head.

The molecular network that controls the establishment of the FEZ, and in particular Shh
expression, is not known. Studies of the murine Shh locus have revealed a complex
regulatory network involving multiple tissue-specific enhancers and repressors that appear
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to control Shh expression (Epstein et al., 2000; Epstein et al., 1999; Geng et al., 2008; Jeong
et al., 2006; Jeong and Epstein, 2003; Jeong et al., 2008). However, none of this work has
yet identified a FEZ-specific enhancer region. In our laboratory, we screened approximately
110kB of genomic DNA surrounding the avian Shh locus for a FEZ-specific enhancer
region, because within this region a series of DNA elements that are highly conserved
among a variety of vertebrates are present (Fig. 3A) and may be indicative of regions that
regulate gene expression (Ahituv et al., 2004). 5kB intervals of genomic DNA that spanned
55kb upstream and downstream of the Shh start site were cloned into a vector containing a
minimal thymidine kinase promoter, or the avian Shh promoter, that expresses β-
galactosidase in the presence of novel enhancers (Tk-p-β-Gal). This vector was then
electroporated into the FEZ of chick embryos just prior to the onset of Shh expression (Fig.
3B,C), and chicks were collected 24 hours later. In no case did we observe expression of β-
galacotsidase in these embryos. As a positive control DNA containing a set of forebrain
enhancer elements that are located in the second intron of the Shh gene (Fig. 3D) was cloned
into the Tk-p-β-Gal vector and electroporated into the brain. Beta-galactosdiase activity
appeared nearly indistinguishable from Shh expression (Fig. 3E–H). Thus, these data
suggest that FEZ-specific enhancers reside farther than 55kB up- or downstream of the Shh
start site, but further work is required to define the FEZ-specific enhancer region within the
genome and to identify the mechanisms underlying transcriptional regulation of Shh in this
tissue.

While the exact molecular mechanisms that regulate Shh expression are not known, the
tissue interactions that induce Shh in the FEZ are better elucidated. The onset of Shh
expression in the FEZ occurs concomitantly with the arrival of neural crest cells into the
FNP. This observation suggests that neural crest cells may be involved in inducing Shh
expression in the FEZ, and indeed there is ample evidence that the neural crest cells are key
regulators of FEZ formation. In birds, transplantation of neural crest cells from quail
embryos into ducks changes facial morphology. In part this change is associated with altered
Shh expression. Quail are a faster developing species than duck, and in the presence of the
quail neural crest cells, the duck ectoderm expresses Shh prematurely in response to the
quail neural crest (Schneider and Helms, 2003). Likewise, in zebrafish Shh expression in the
roof of the stomodeum, which may likely be homologous to the FEZ, requires the presence
of neural crest cells (Eberhart et al., 2008).

The data in these two papers clearly demonstrate that the neural crest cells are required for
the onset of Shh expression in the FEZ, but the molecular signals from the neural crest that
induce Shh expression in the FEZ are not known. One set of signals, the Bmps, are likely to
be involved in activation or maintenance of Shh expression in the FEZ. Bmp2, Bmp4, and
Bmp7 are expressed in unique domains in the ingressing neural crest cells and Bmp
receptors are present on the neural crest, the neuroepithelium, and the FEZ (Ashique et al.,
2002a; Bennett et al., 1995; Foppiano et al., 2007; Francis-West et al., 1994). To test the
involvement of Bmp signaling in FEZ formation, we blocked Bmp signaling in the FNP by
exogenous expression of Noggin. These embryos exhibited severe facial malformations and
had significant reductions in Shh expression in the FEZ (Foppiano et al., 2007). In support
of these data, previous investigations have shown that application of Bmp-soaked beads to
the developing maxillary process led to an extension of Shh expression in the surface
cephalic ectoderm (Barlow and Francis-West, 1997). However, whether Bmps act directly
on the ectoderm to stimulate Shh expression or operate within the mesenchyme to control
neural crest gene expression patterns is not known.

Wnt signaling may also be intimately involved in regulating Shh expression in the FEZ.
Conditional ablation of the beta-catenin gene from the surface ectoderm of mouse embryos
reduces Shh expression in the FEZ and creates severe facial malformations, while activating
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the Wnt pathway in the ectoderm expands the Shh expression domain, induces Fgf4 and
Fgf8 expression, and leads to hypertrophy of the median and lateral nasal processes (Reid,
In press).

The brain also produces molecular signals that direct facial development. Activation of Bmp
signaling in the forebrain of chick embryos leads to massive apoptosis in the basal portion of
the brain and creates facial defects suggesting that signals from the brain participate in facial
development (Golden et al., 1999). Within the ventral forebrain Shh exhibits a dynamic
expression pattern. Initially, Shh is expressed in the basal diencephalon and then is induced
in the ventral telencephalon. Blockade of Shh in the brain inhibits this induction sequence,
dorsalizes the forebrain, and creates severe facial malformations (Marcucio et al., 2005). In
particular, the upper jaw does not undergo mediolateral or proximodistal extension due to
decreased cell proliferation. In these, and other studies (Cordero et al., 2004), we did not
observe significant amounts of apoptosis in the FNP mesenchyme. This is in contrast to
apoptosis that is observed in the mandible after blocking Shh signaling (Ahlgren and
Bronner-Fraser, 1999; Brito et al., 2006; Cordero et al., 2004) and suggests that the role of
Shh in the FNP may be slightly different from that in the pharyngeal arches. With this in
mind, we have shown that restoring Shh to the FNP after blocking Shh in the brain is able to
restore more normal growth of the facial complex by stimulating Shh expression in the FEZ.
In experimental studies on zebrafish embryos, an early Shh signal from the brain to the
stomodeal ectoderm (zebrafish homologue of the FEZ) was shown to be required for gene
expression within the stomodeal ectoderm and for condensation of neural crest cells on the
roof of the mouth (Eberhart et al., 2006). Collectively, these results indicate that Shh
signaling from the brain to the ectoderm is required for establishing the signaling properties
of the FEZ, which then patterns outgrowth of the upper jaw (Fig. 2).

Mechanisms underlying production of unique morphologies
The physical influence of the growth of the brain on the shape of the surrounding cranial
structures including those of the face has been the subject of much speculation in
evolutionary biology. DeBeer (DeBeer, 1937), for example, speculated that variation in the
size of the brain relative to the rest of the skull is a key contributor to large scale trends in
the changing morphology of the vertebrate skull. In the context of human evolution, Biegert
(Biegert, 1963) formalized this idea into the “spatial packing” hypothesis, which holds that
increasing brain size causes a predictable series of morphological changes in the skull. The
most important of these is flexion of the cranial base, which occurs as the enlarged brain is
accommodated on the cranial base (Fig. 4A). Importantly, the cranial base angle describes
the relative positioning of the face and braincase. Thus Biegert was arguing that the human
face, which is unusual in that it is positioned below instead of anterior to the frontal lobes of
the brain, is primarily a by-product of expansion of the brain. The spatial packing model has
been tested on comparative data in primates, which reveal that the ratio of brain size to
basicranial length explains a significant proportion of the interspecific variation in the
cranial base angle (Ross and Henneberg, 1995; Ross and Ravosa, 1993). We have shown
that mutations in mice that increase brain size or brain size relative to basicranial size
similarly produce changes consistent with Biegert’s model (Hallgrimsson and Lieberman,
2008; Hallgrimsson et al., 2007a; Lieberman et al., 2008) (Fig. 4B). While much remains
poorly understood about how the brain and face interact physically during development,
these studies demonstrate that the structural relationship between development of the brain
and face is important for producing the ultimate craniofacial morphology.

Similarly, important molecular interactions between the forebrain, neural crest and facial
ectoderm (i.e., the FEZ) that regulate development of the upper jaw have been discussed
above (Abzhanov and Tabin, 2004; Hu et al., 2003; Marcucio et al., 2005; Schneider et al.,
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2001), and may occur in many, if not all, vertebrates (Hu and Marcucio, 2009b). Alterations
to the molecular interactions that control formation of the FEZ therefore are likely to
contribute to differences in facial morphology, but how might these variations originate, and
what interactions are most important for population and species level variation?

Work by Schneider and Helms (Schneider and Helms, 2003) demonstrated that neural crest
cells regulate species-specific facial form in part by regulating the onset of Shh expression in
the FEZ, and our unpublished data suggest that neural crest cells participate along with the
forebrain in establishing the spatial organization of the FEZ. This evidence strongly suggests
that the brain and neural crest cells act together to establish unique FEZ organization within
the developing upper jaw of diverse species. Changes in the organization of the brain, or
signaling from neural crest cells may therefore lead to alterations in these centers, and
thereby generate morphological variation that is relevant to evolutionary differences. Neural
crest cells may also directly influence development of the brain. A recent body of work has
revealed a series of signaling interactions between the neural crest and the brain that appear
to regulate size and growth of the anterior part of the neural tube (Creuzet, 2009a; Creuzet,
2009b; Creuzet et al., 2006; Le Douarin et al., 2007). Thus, co-ordinated development of
these two structures would be predicted to contribute to the variation produced in both the
brain and the face via evolutionary processes. This has not been examined in great detail as
of yet.

As discussed above, Shh plays an essential role in the epithelial-mesenchymal interactions
that control proximo-distal extension and dorso-ventral polarity of the vertebrate upper jaw.
Our own work shows that despite the divergent facial morphologies that characterize birds
and mammals, both have a functional FEZ, albeit slightly different in size and organization.
In chicks the FEZ is a single continuous band of expression, but in mice the FEZ is broken
into two regions associated with the median nasal prominences (Hu and Marcucio, 2009b).
Interestingly, when Shh signaling is over-activated in the chicken, the mouse FEZ condition
is phenocopied. This suggests that the FEZ may be important to macroevolutionary
differences, but is there any evidence to suggest that these interactions contribute to finer
scaled differences, such as at the population level?

We recently performed a series of Shh gain- and loss-of-function experiments in chickens to
test this question. We found that reducing Shh-signaling in the brain caused a continuous
structural narrowing of the FNP, progressive hypotelorism, and medial maxillary rotation,
while increasing Shh-signaling in the brain caused midfacial widening, frontonasal
hypoplasia/bifurcation, and lateral divergence of the maxillaries (Young et al., 2010). These
changes in shape were further associated with gene expression changes in the facial epithelia
(e.g., the size of the FEZ was directly related to the treatment dosage in the brain),
mesenchymal mitotic activity, and Shh expression in the brain as measured by qRT-PCR.
Furthermore, at 13 days post treatment phenotypic outcomes ranged from a progressive
narrowing and shortening of the midfacial skeleton to progressively wider midfaces with
median clefts, consistent with the direction of midfacial growth in the embryonic shape
analysis. Together these results demonstrated that altering Shh activity in the brain has a
predictable effect on variation in midfacial growth, shape, and size, particularly on the width
of the presumptive avian midface.

Given the broad conservation of FEZ function in both avians and mammals, we speculate
that variation in Shh ligand-associated concentration parameters might play an important
role in both normal and abnormal population level variation in facial shape, and thus could
be a target of selection. For example, variation might exist in the concentration of Shh ligand
in the facial mesenchyme, or in the sensitivity of mesenchymal cells to this concentration. In
the former, gradient formation may be affected by mutations that alter the ability of Shh to
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signal to adjacent cells by affecting the ligand or any of the multitude of factors that are
required for Shh activation, secretion, transport, or accumulation (e.g., Shh, Disp1, Cdo,
Boc, Gas1) (Allen et al., 2007; Etheridge et al., 2010; Saha and Schaffer, 2006; Seppala et
al., 2007; Tenzen et al., 2006; Tian et al., 2005; Tian et al., 2004; Zhang et al., 2006).
Alternatively, mutations in Ptc, Smo, or genes involved in primary cilia formation or
function may alter the response of a cell responding to Shh due to changes in the ability to
sense and transduce the signal (Ingham and McMahon, 2001; Tobin et al., 2008). Variation
in any of these parameters would be predicted to have a similar phenotypic effect by altering
the location and activity of midfacial growth zones. Supporting this idea, allelic variation in
Shh pathway genes is known to yield a range of midfacial phenotypes in mice that
qualitatively parallel those we found in avians, and the relative effect appears to be
proportional to the gene’s function within the pathway. Thus, while removing Cdo has a
small effect on phentoype due to its affect on gradient formation, Shh heterozygosity
contributes to midfacial variation by reducing ligand production (Tenzen et al., 2006). While
this experimental outcome shows the potential of variation in the Shh pathway to contribute
to variation in midfacial shape, is there evidence that this pathway outside of the lab is
relevant or important to normal (i.e., intraspecific) and/or evolutionary (i.e., interspecific)
variation?

Perhaps the clearest example of the contribution of Shh to evolutionary variation is in
comparisons of surface to blind cavefish where variation in the regulation of Shh has been
shown to cause changes in jaw shape as well as the eyes (Menuet et al., 2007; Yamamoto et
al., 2009). More indirectly, evolutionary variation in midline structures is consistent with
predictions of how selection on variation in Shh signaling spatial organization or activity
would affect the brain and the skeletal derivatives of the FNP: i.e., the frontal, nasal,
premaxilla, and nasal septum. For example, analyses of adult craniofacial variation in both
humans and mutant and inbred strains of mice indicate that the width of the neurocranium
and face tend to covary to the exclusion of other measures (e.g., length or depth)
(Hallgrimsson et al., 2007b; Martinez-Abadias et al., 2009) while our preliminary analyses
of adult craniofacial variation in both primates and domesticated pigeons suggest that a
significant proportion of total variation is associated with midline structures, particularly
interorbital width and spacing. Further evidence suggests that early embryonic events
associated with Shh signaling may contribute to adult midfacial differences. For example,
comparative analyses of the ontogeny of the derivatives of the FNP in three avian species
(chicken, duck, and quail) indicate that while early FNP shape is similar in all three species,
differences in width substantially increase in concert with the rate and direction of species-
specific growth patterns. In particular, ducks appear to exhibit enhanced Shh activity in the
FEZ and maintain a wide FNP consistent with the wider bill of the adult phenotype. These
differences in growth are consistent with the spatial distribution of growth centers in these
species (Wu et al., 2006) which may be a direct result of slight changes in the organization
of the FEZ. Hence, growth patterns driven by Shh activity in the brain and face may
contribute to differences in the shape of facial structures among avian species and may be a
central force that shapes evolutionary change in this region of the vertebrate head. Although
not causal, together this evidence is strong circumstantial evidence implicating variation in
FEZ interactions to evolutionary variation in the midface (Fig. 5).

Interestingly, comparative analyses of Shh evolution in a broad range of taxa suggest the
gene itself is a target of selection, a finding that is consistent with it playing a role in
evolutionary variation. For example, population-level variation in primates suggests Shh has
undergone positive selection and accelerated molecular evolution relative to other mammals,
and changes are most prominent in the lineage leading to humans. Importantly, sequence
level changes affect Shh at the protein level, and suggest that apes and humans have evolved
more complex post-translational regulation that may be related to the dramatic evolution of
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the brain, the skeleton of the face, or both, in this lineage (Dorus et al., 2006). Similarly,
recent analysis of the Neandertal genome suggests that DISP1, a key component of Shh
signaling, also experienced positive selection in modern humans that may reflect similar
selection on the brain and/or midface (Green et al.). Further analyses are needed to
determine how these lineage and species-specific changes affect developmental parameters
associated with the brain and face.

Diseases of the brain-face complex
Just as interactions between the brain and face may serve as a source of normal or
evolutionary variation, when these same processes are disrupted they may also lead to
disease phenotypes. Often facial malformations are accompanied by underlying brain
defects (DeMyer, 1964). We have described two fundamental ways by which development
of the brain and face are interrelated. First, the brain serves as an architectural foundation
upon which the face develops. Thus, as the foundation expands the face accommodates and
develops accordingly, and perturbations to the frame can lead to facial defects. Second,
molecular signaling between the brain and face regulates morphogenesis. Hence, disrupting
this molecular dialogue can create malformations in both tissues. This is exemplified in
humans where extremes of Shh signaling produce disease phenotypes (Muenke and Cohen,
2000). In Holoprosencephaly (HPE), Shh signaling is reduced, the brain can be severely
malformed, and facial malformations range from hypotelorism and midfacial hypoplasia to
complete cyclopia (Muenke and Beachy, 2000), while in Greig Cephalopolysyndactyly
(GCPS) and Gorlin syndrome, mutations in GLI3 or PTC increase Shh signaling activity and
phenotypes range from hypertelorism to medial clefts of the face (Balk and Biesecker, 2008)
(Fig. 5). Importantly, in each of these diseases, family members of affected individuals may
manifest less-severe midfacial phenotypes such as relatively narrower or wider faces (Balk
and Biesecker, 2008; Muenke and Beachy, 2000), suggesting that variation in Shh signaling
between the brain and face contributes to normal variation in midfacial shape and size.

Conclusions
In this paper, we focused on the physical interactions between the brain and face, the
molecular level epithelial-mesenchymal interactions among the brain, the FEZ, and the
neural crest mesenchyme, and their contribution to facial variation. However, it is important
to remember that these comprise only a small number of potential factors contributing to
facial morphogenesis, and that craniofacial morphology is the result of a series of
overlapping developmental events, each contributing to the final outcome (i.e., the adult
phenotype) (Atchley and Hall, 1991; Hallgrímsson, 2009). For example, the shape of the
bones and cartilages of the jaw, which are unique in that they are neural crest derivatives
(Donoghue et al., 2008; Evans and Noden, 2006), are the result of multiple inputs from
neural crest formation and migration to general skeletal growth (e.g., (Atchley and Hall,
1991)), each with a relative contribution that may differ in both magnitude and direction.
Early events like neural crest migration may be masked by variation in later events such as
somatic growth, or early events may have a large effect that constrains later events to
particular outcomes. This model of development suggests that the adult phenotype, much
like a Medieval "palimpsest" which holds the entire contents of its history in opaque terms,
makes simple genotype-phenotype correlations for complex traits unlikely (Hallgrímsson,
2009). Ultimately, to understand how adult phenotypic diversity is generated, we must better
understand how genetic variation impacts individual developmental events and how these
contribute to adult phenotypic outcomes, overall population variation, and ultimately
evolutionary and disease variation.
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Figure 1. Physical interactions between the brain and the face
(A) Schematic showing the facial shape changes that occur with variation in brain size
during face formation. (B) The actual shape changes that occur in Crf mice in association
with reduced brain growth shown as wireframes.
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Figure 2. Ontogeny of the FEZ and the role of signaling molecules
Shh expression (red) in the neuroectoderm of the diencephalon prior to stage 17 (1) turns on
a similar zone just anterior to the optic recess in the telencephalon (2) at HH 17 that in turn
establishes competency of the facial ectoderm to express Shh. Emigrating neural crest cells
(circles) are required to initiate Shh expression in the facial ectoderm (3) which in turn
establishes growth zones in the facial mesenchyme (4). Dorso-ventral polarity and
outgrowth of the face is established at the boundary between Fgf8 (green) and Shh
expression in the facial ectoderm. Activity of Shh-signaling in the mesenchyme, illustrated
by Gli (yellow) activity, drives upregulation of cell-cycle related genes causing enhanced
proliferation in affected neural crest cells (black) and outgrowth of the FNP.
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Figure 3. Enhancer analysis within the Shh locus
(A) The avian Shh gene is located on the end of chromosome 2. A red box indicates the
position of the Shh locus on the chromosome and two dotted lines are used to indicate the
magnified area of the genome. The coding region of the avian Shh gene is comprised of
three exons (red boxes) and two introns. This same organization is true for other species as
well. Within 110 kilobases surrounding the transcription start site located in exon 1, a
number of conserved regions among chick, human, chimp, mouse, zebrafish, and fugu are
present. The location of each of these conserved regions are indicated as black boxes
beneath the diagram of the chicken Shh locus. (B) Twenty-four hours after electroporation
into the stomodeal ectoderm at HH St. 20 b-gal activity (arrow) is observed throughout the
Shh expression domain in the stomodeal ectoderm. Expression of b-gal from the HSP-LacZ
construct does not require additional enhancer elements and can be used to monitor gene
transfer in control embryos (n=6/6, arrow). (C) Sections through the embryo shown in B
illustrates that transfer of the transgene is restricted to the ectoderm (arrow). (D) Diagram of
a 3.9Kb fragment corresponding to part of intron 2 of the avian Shh gene. The location of
conserved consensus sequences for foxa2, t-box, foxh1, and homeodomain proteins between
mouse, zebrafish and chick are shown (red boxes). (E) Electroporation of HSP-LacZ was
used to optimize and visualize the extent of electroporation within the neural tube of HH St.
12 embryos. Widespread β-gal expression is observed throughout the brain (n=11/11). (F)
Embryos electroporated with TK-p-β-gal demonstrate that this reporter construct exhibits no
basal transcriptional activity (n=6/6). (G) After electroporation of TK-p-β-gal-intron 2 into
the neural tube, β-gal activity was restricted to the ventral forebrain (n=8/9, arrow). This
pattern confirms the presence of enhancers that direct gene expression to the ventral neural
tube as previously described for mouse and zebrafish embryos. (H) Whole mount in situ
hybridization shows that expression of Shh in the ventral neural tube (arrow) corresponds to
the location of enhancer activity observed in embryo in G.
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Figure 4. Brain Size Contributes to Variation in Facial Morphology
(A) The angle (red dashed line) between the cranial base (green) and brain (blue) is altered
by brain size (e.g., between species with varying relative brain volume), which in turn
affects facial shape. (B). Comparisons among mouse strains reveals that almost all variation
(87%) in the cranial base angle can be explained by three-dimensional neural and facial
packing, illustrated here by mice at extremes of brain size. This suggests that physical
interactions between brain, face and cranium influence the final shape of the skull in ways
that are unpredictable by genetics alone.
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Figure 5. Hypothetical relationship of Shh signaling activity in the brain and FEZ to both
population and evolutionary level variation in midfacial shape
(A) Normal levels of Shh signaling activity in the brain establish the FEZ, which establishes
growth zones that help to regulate the shape and size of midfacial structures such as the
frontal, premaxilla and nasal septum. Extremes of signaling due to mutational effects,
environmental factors, or a combination of both, can cause progressive loss of midline
structures when signaling is abnormally low (e.g., in Holoprosencephaly), or expansion of
midline structures when signaling is abnormally high. More subtle differences in signaling
introduce variation in the midline facial structures of normal individuals that can serve as a
target of natural selection. (B) Individual species exhibit a range of intraspecific variation in
midfacial shape, as well as interspecific or evolutionary variation between species. In the
case of hominoid apes, interorbital width varies from narrower in the orangutan to wider in
gorillas (tree illustrates phylogenetic relationships of living and recent species as well as
facial skeletons of potential ancestral species). Variation in Shh signaling, in combination
with variation in associated craniofacial structures, is hypothesized to have contributed to
the evolution of the midface in living apes and humans, as well as other vertebrate species.
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