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Abstract

Morphogenesis of the brain and face is intrinsically linked by a number of factors. These include:
origins of tissues, adjacency allowing their physical interactions, and molecular crosstalk
controlling growth. Neural crest cells that form the facial primordia originate on the dorsal neural
tube. In the caudal pharyngeal arches, a Homeobox code regulates arch identity. In anterior
regions, positional information is acquired locally. Second, the brain is a structural platform that
influences positioning of the facial primordia, and brain growth influences the timing of primordia
fusion. Third, the brain helps induce a signaling center, the Frontonasal Ectodermal Zone (FEZ),
in the ectoderm, which participates in patterned growth of the upper jaw. Similarly, signals from
neural crest cells regulate expression of Fibroblast growth factor 8 in the anterior neural ridge,
which controls growth of the anterior forebrain. Disruptions to these interactions have significant
consequences for normal development of the craniofacial complex, leading to structural
malformations and birth defects.
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1.0. Introduction

Clinicians have long recognized that facial malformations are often associated with defects
in the underlying brain. In 1964, DeMeyer coined the phrase “the face predicts the brain”
after studying fetuses with Holoprosencephaly (HPE; ((DeMyer 1964))), a common and
severe malformation that affects both the brain and the face. Notably, DeMeyer observed
that HPE has a phenotypic spectrum ranging from cyclopia to mid-facial hypoplasia, a
missing central incisor, or even normal phenotype, and these malformations are
accompanied by underlying brain anomalies that likewise range from failure of the forebrain
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to separate into right and left lobes to normal septation (Ming and Muenke 1998, Nanni,
Schelper et al. 2000, Heussler, Suri et al. 2002). These observations highlight a critical
feature of brain and facial morphogenesis: the developmental processes that control their
formation are highly integrated, meaning that changes in one often have downstream effects
on the other. These effects can be divided into three general categories. First, the brain and
face have a common origin. Notably, the neural crest cells that give rise to the facial skeleton
originate from the dorsal neural tube, and information about their spatial patterning is based
on their anterior-posterior level of origin. Second, the brain serves as a structural platform,
and as such imparts physical forces on adjacent tissues that help shape the location and
directional growth of facial primordia. Third, the brain and facial tissues “talk to each other”
via molecular interactions that control the cellular mechanisms responsible for facial
morphogenesis. These three types of interactions suggest that the brain exerts multiple
effects on facial morphogenesis, and these are both intrinsic to brain development itself and
the paracrine interactions between the brain and adjacent tissues. Thus, the development of
the face is highly contingent on normal brain development, and consequently, events and
disruptions to the processes that regulate the brain often produce facial malformations.
These interactions, which are both physical and molecular, form the basis of this chapter. We
describe each of these in more detail below.

2.1. Origins of the Brain and Face

The brain and face begin to take shape during the earliest stages of development. After
gastrulation, the anterior neural plate undergoes neurulation, morphogenetic movements that
turn the sheet of neuro-epithelial cells into a tube and physically separate it from the surface
ectoderm. In the anterior-most region of the neural tube, the anterior-neural pore forms (Fig.
1). At this region the neural and surface ectoderm are continuous, and this tissue expresses
Fibroblast Growth Factor 8 (Fgf8). After the anterior neural pore closes, the neural and
surface ectoderm are segregated, but Fgf8 expression is maintained in both ectodermal
compartments ((Ohkubo, Chiang et al. 2002) and see Fig. 1). In this way a domain of gene
expression that was initially continuous through the neural and surface ectoderm is
segregated into two discrete expression domains by closure of the anterior neural pore. The
Fgf8-expressing cells in the forebrain will form the anterior neural ridge, and the Fgf&-
expressing cells in the surface ectoderm will form the dorsal aspect of the Frontonasal
Ectodermal Zone (FEZ), a signaling center that regulates patterned growth of the upper jaw
anlagen (Hu, Marcucio et al. 2003).

Similarly, the neural crest cells, which are the connective tissue progenitor cells that form
the facial skeleton, originate at the border of the neural and surface ectoderm, and their
location of origin along the anterior-posterior axis of the brain plays a large role in the fate
of the neural crest cells. Homeobox genes (HOX) along the dorsal axis of the neural tube
exhibit unique anterior-posterior patterns of expression (Fienberg, Utset et al. 1987, Holland
and Hogan 1988, McGinnis and Krumlauf 1992). The pattern of HOX gene expression, or
HOX “code”, is imparted on the neural crest cells while they are part of the dorsal
neuroepithelium and this code is carried into the developing facial primordia, with
significant implications for facial development (Rijli, Mark et al. 1993, Minoux and Rijli
2010). The anterior-most region of the neural tube, including the prosencephalon and

Curr Top Dev Biol. Author manuscript; available in PMC 2019 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marcucio et al.

Page 3

mesenchepalon, does not express members of classic Hox gene family. Consequently, the
neural crest cells derived from these regions do not have a HOX code, so when they arrive in
the FNP, Maxillary Process and Mandibular Process, these cell populations are
interchangeable with each other (Noden 1983, Noden 1984, Noden 1986). In contrast, the
hindbrain expresses HOX genes and neural crest cells contain a HOX code, which they carry
with them to the facial primordia (Minoux and Rijli 2010). When neural crest progenitors
derived from HOX-free regions of the neural tube are transplanted into posterior regions,
where there normally is a HOX code, development is disrupted. In a classic series of
experiments, Noden transplanted crest destined for the first pharyngeal arch in place of
neural crest cells destined for the second arch, and the resulting skeletal structure resembled
the first arch (Noden 1983). Similarly, ablation of HOXAZ2 in mice transformed the second
arch skeleton into a first arch skeleton (Rijli, Mark et al. 1993), and work in avian embryos
demonstrated that this patterning mechanism is conserved in birds (Grammatopoulos, Bell et
al. 2000). Thus, in parts of the head skeleton, the brain imparts patterning information on the
connective tissue progenitors as a molecular program within the neural crest cells, but this is
significantly influenced by environmental signals that neural crest cells encounter (Trainor
and Krumlauf 2000, Trainor, Ariza-McNaughton et al. 2002).

However, not all neural crest cells in the developing head contain an intrinsic Hox code. In
the developing lower and upper jaw anlagen, the neural crest cells do not express Hox genes,
and these cells receive patterning information from their environment. This has been well
described in the maxillary and mandibular processes, where a nested pattern of D/x gene
expression within the pharyngeal arch mesenchyme confers arch identity to the developing
facial primordia (Depew, Simpson et al. 2005). Results of this work led to the proposal of
the “hinge and caps” model of jaw development in which signaling centers located at the
proximal (hinge) and distal (caps) regions of the upper and lower jaw act to control
development of these two structures in an integrated fashion (Depew and Simpson 2006,
Depew and Compagnucci 2008).

After the neural crest cells have completed their migration into the distinct facial primordia,
the facial morphogenesis begins through a process of growth and patterning. The
Frontonasal Process (FNP) and paired Maxillary Processes (MxP) grow out and fuse to form
the upper jaw and midface, the paired Mandibular Processes (MnP) form the lower jaw, and
the more posterior pharyngeal arches give rise to the more posterior skeletal structures.
Neural crest cells are a transient mesenchymal population of progenitor cells that are
generated in the dorsal neural tube at the junction between the neuroepithelium and the
surface ectoderm (Bronner and LeDouarin 2012), and migrate laterally and ventrally to
occupy the rostral region of the developing head to form these primordia de novo (Chambers
and McGonnell 2002, Noden and Trainor 2005, Minoux and Rijli 2010). In the upper jaw
the neural crest mesenchyme is encased by epithelia derived from neural and surface
ectoderm, while in the lower jaw pharyngeal endoderm and surface ectoderm encase the
mandibular processes. The interactions among the distinct tissue types that comprise each of
these primordia direct the growth and patterning of the distinct regions of the developing
face (Reviewed in: (Richman and Lee 2003, Graham, Okabe et al. 2005, Chai and Maxson
2006, Szabo-Rogers, Smithers et al. 2009)). In the lower jaw signals among the pharyngeal
endoderm, surface ectoderm, and neural crest mesenchyme control patterning and growth

Curr Top Dev Biol. Author manuscript; available in PMC 2019 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marcucio et al.

Page 4

(Graham and Smith 2001, Graham, Okabe et al. 2005, Brito, Teillet et al. 2006, Swartz,
Nguyen et al. 2012), while in the upper jaw physical and molecular interactions among the
forebrain, surface cephalic ectoderm, and neural crest mesenchyme control patterned growth
(Marcucio, Young et al. 2011).

2.2. Physical Interactions between the Brain and the Face

The brain is the foundation upon which the face is built. In addition to sharing embryonic
origins of tissues, the brain and face share a common space in the developing embryo. As
the brain undergoes its own morphogenesis, the developing face is shaped in response. Both
the pattern and the rate of growth of the brain provide unique influences on facial
morphogenesis.

During early stages of development the physical influences of the brain on the face are easily
appreciated. The brain is essentially a large tube surrounded by mesenchymal cells of
mesodermal and neural crest origin. As described above, during development of the upper
jaw and mid-face, neural crest cells delaminate from the posterior forebrain and anterior
midbrain and migrate along the surface of the brain between it and the surface ectoderm.
This population of cells is initially small compared to the expanding neural tube, but once
the neural crest cells arrive at their final destination, the population expands rapidly to form
the facial primordia. At the same time, the brain continues to grow, changing both its size
and shape. A series of studies by Diewert and colleagues showed that this process directly
impacts the positioning of the facial primordia relative to the eyes and the brain (Diewert
and Lozanoff 1993, Diewert, Lozanoff et al. 1993).

The rate of brain growth also influences these early stages of facial development. As the
brain expands, it displaces the adjacent facial tissues, which must themselves compensate
with their own growth to maintain their relative position to each other (Fig. 2). Variation in
the coordination of the growth rates of the brain and face can have significant effects. For
example, the brain in different strains of mice can exhibit different growth rates, and the
growth rate of the facial tissues appears to be largely independent of the rate of brain growth.
This independent growth likely results from distinct signaling centers located in the brain
and face that contribute to regulating growth of each tissue. As the rate of brain growth
slows among strains of mice, the face appears older at any given time point, such that slower
brain growth produces a longer, more mature looking face (Boughner, Wat et al. 2008). This
occurs because when the brain is smaller relative to the facial prominences, then they will be
more prognathic and more closely opposed. This effect results from the spatial constraints
imposed by the brain on the developing face and it illustrates that the brain acts as a
foundation to shape the face. Thus, a small brain may lead to a relatively larger and more
prognathic face. Conversely, a larger brain will lead to a flattened face. We have conjectured
based on this relationship that a larger brain relative to the facial prominences may narrow
the timing window of opportunity for facial prominence fusion and thus increase the
likelihood of clefting (Boughner, Wat et al. 2008, Marcucio, Young et al. 2011). This builds
on similar arguments that were made earlier by Diewert and collaborators (Wang K.Y. 1992,
Diewert and Lozanoff 1993, Wang, Juriloff et al. 1995)
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Recent work has shown that the brain controls some of the temporal aspects of facial
development. The effect of the brain on the timing of facial development can be observed by
unilaterally transplanting the brain from the faster developing duck into the slower
developing chick embryo. In this case, neural crest migration into the anterior regions of the
face appears to be slowed, fusion of the primary palate is delayed, and development of the
scleral papillae on the eye is delayed on the transplanted side compared to the control side
(Hu, Young et al. 2015). At this point, these data are phenomenological, and the molecular
mechanism(s) underlying these delays are not known. Presumably, the temporal pattern of
gene expression within the brain transmits some type of timing information to the adjacent
tissues, but the nature of these signals, if they even exist, remains completely hypothetical.

These early influences of the brain on the face may be partially erased during later stages of
development (Hallgrimsson 2009). Some processes may exert different influences at
different times and may have greater or lesser overall roles in development of these tissues.
For example, while the brain has a tremendous influence during early stages of normal facial
development, the contribution of the brain to the final form may not be as important as other
processes intrinsic to the face. As the cartilages and bones form within the facial skeleton,
the morphogenetic processes that shape the skeletal elements have a profound influence on
facial shape and are largely responsible for sculpting the final form of the face (Diewert
1983, Diewert 1985, Aldridge, Kane et al. 2005, Richtsmeier, Aldridge et al. 2006,
Richtsmeier and Deleon 2009). Nonetheless, it is easy to see how facial dysmorphology may
arise from aberrant physical interactions between the brain and the face, for example due to
a growth rate that is too rapid, leading to a larger platform for the face to grow on and
leaving the face relatively small. This configuration may lead to structural defects for which
later developmental processes cannot fully compensate (discussed further below).

2.3. Molecular interactions between the brain and face

In addition to the direct physical forces that the brain imparts on the developing face, there
are also molecular interactions between the brain and the face that regulate morphogenesis
of the upper jaw (Marcucio, Young et al. 2011). These interactions begin during the earliest
stages of embryonic development and continue throughout the period of patterned growth of
the facial primordia that comprise the mid-face and upper jaw.

The prechordal plate (mesendoderm) is located beneath the prospective forebrain
epithelium, and signals from the mesendoderm establish the basal plate of the forebrain (Fig.
1; (Muller, Albert et al. 2000, Aoto, Shikata et al. 2009)). This signaling interaction is
essential for proper development of the mid-face. SHH signaling from the mesendoderm to
the neuroepithelium induces expression of Nk2.1 and Shh in the basal forebrain (Aoto,
Shikata et al. 2009). This domain eventually becomes the basal diencephalon. Then a
signaling relay mechanism induces NVkx2.1and Shhexpression in the more anteriorly
located basal telencephalon (Marcucio, Cordero et al. 2005). Disrupting this signal relay by
blocking SHH signaling in the brain disrupts the induction of SA/ in the telencephalon and
produces severe malformations of the face (Marcucio, Cordero et al. 2005). These early
interactions are essential for establishing the basis for the molecular interactions that will
occur during later periods of development.
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Within the developing midface, a signaling center known as the Frontonasal Ectodermal
Zone (FEZ) regulates growth and patterning of the upper jaw (Hu, Marcucio et al. 2003).
The FEZ, first identified in the chicken and later in mammals (Hu and Marcucio 2009,
Young, Hu et al. 2014), forms as a boundary in the surface cephalic ectoderm between cells
expressing Fibroblast Growth Factor 8 (Fg78) and Shh (Fig.2). The boundary between these
two gene expression domains marks the distal tip of the upper jaw, and the ectoderm
flanking the boundary corresponds to the dorsal and ventral aspect of the upper jaw.
Subsequent research has shown that a series of signaling molecules including Wnts and bone
morphogenetic protein (BMP) family members are also expressed in the FEZ (Barlow and
Francis-West 1997, Francis-West, Ladher et al. 1998, Ashique, Fu et al. 2002, Lan 2006,
Geetha-Loganathan, Nimmagadda et al. 2009, Reid, Yang et al. 2011), and these signaling
pathways are very likely to mediate aspects of FEZ function. The FEZ signals to the
adjacent mesenchymal tissues to regulate proliferation to control directed growth of the
upper jaw anlage. Shh is a very important component of FEZ function. Conditionally
removing Smoothened from the neural crest cells leads to severe defects of the upper jaw
(Jeong, Mao et al. 2004), illustrating the importance of SHH signaling for development of
this part of the face.

Formation and patterning of the FEZ appears to require signals from the brain. Research has
shown that SHH signaling within the brain is responsible for inducing the pattern of Shh
expression observed in the ventral forebrain. These experiments showed that blocking SHH
signaling in the brain prevented S/h/ expression in the FEZ (Marcucio, Cordero et al. 2005).
The absence of Shfexpression in the FEZ led to a truncation of the upper jaw due to a
failure of outgrowth. This appears to be a direct effect of SHH on the facial ectoderm itself
as removing Smoothened from the neural crest cells does not appear to affect S// expression
in the FEZ (Chong, Young et al. 2011).

While SHH signaling to the cephalic ectoderm is required for SAA expression in the FEZ, the
actual role that SHH signaling plays is not entirely clear. Neural crest cells are also required
for induction of Sh/in the FEZ. In experiments that led to large amounts of apoptosis of
neural crest cells, Shhexpression in the FEZ was never initiated, but Sh/ expression could
be restored by transplantation of neural crest cells into the FNP (Hu 2012). Furthermore,
blocking signaling by BMPs within the neural crest cells also prevented SA/ expression in
the FEZ (Foppiano, Hu et al. 2007), and this could not be restored by addition of SHH back
to the tissue (Chong, Young et al. 2011). Together, these data suggest that a two-step process
may function whereby SHH induces a “competence” in the presumptive FEZ ectoderm and
the neural crest cells induce the expression of Sh/in a BMP-dependent manner. However,
the exact molecular mechanisms that underlie this induction process are unknown.

2.4. Signaling from the Face to the Brain

Up to this point, we have described signals as emanating from the brain to control the face.
However, evidence has emerged that signaling is not unidirectional, but rather that the neural
crest cells also play a role in shaping the brain (Etchevers, Couly et al. 1999, Tucker, Segall
et al. 2008). Just as the brain regulates facial development, it is not surprising that there is
reciprocal signaling from the facial tissues that contribute to brain development, since the
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brain and facial skeleton co-evolved (Gans and Northcutt 1983). Nonetheless, the nature of
these molecular interactions is just being discovered (Le Douarin, Couly et al. 2012).

As mentioned above, the neural crest cells that form the skeleton of the upper jaw do not
express Hox genes, and misexpression of Hox genes causes severe craniofacial
malformations and brain defects (Creuzet, Couly et al. 2002). This work has shed light on
the molecular mechanisms by which the face contributes to brain development by
uncovering a signaling network involving Six-family transcription factors, Bmp signaling
and Fgf8expression in the anterior neural ridge. It appears that in the presence of HoxAZ,
the transcription factors SixZ, Six2, and Six4, which are normally expressed in the neural
crest mesenchyme in this part of the face, are down-regulated. This down-regulation is
accompanied by a decrease in expression of Bmp antagonists in the neural crest
mesenchyme and a decrease in Fgf8expression in the anterior neural ridge. These results,
along with other work by these investigators, have led to the idea that expression of Bmp
antagonists, such as Gremlin and Noggin, are regulated by the Six family of transcription
factors, which in turn contribute to regulation of Fgf&8expression levels in the anterior neural
ridge (Creuzet, Martinez et al. 2006, Aguiar, Sghari et al. 2014). This work is likely to lead
to further discoveries that show the importance of signaling by neural crest cells to the
developing brain, such as the importance of Wnt antagonism for expression of Foxg1 in the
developing telencephalon (Garcez, Le Douarin et al. 2014).

3.0. Implications for Structural Diseases of the Face

Altering the interactions between the brain and the face can produce variable morphologies
that natural selection may have acted on to produce the diversity of facial form that we see
among vertebrates. Hence, it is very likely that altering these interactions may also produce
disease phenotypes in the craniofacial complex. Indeed, there are many examples that
illustrate this point.

3.1. Holopresencephaly

One of the most commonly studied diseases in this regard is holoprosencephaly (HPE). HPE
is a structural disease of the brain that affects facial development. In HPE the telencephalon
undergoes varying degrees of septation, and in its most severe presentation, patients with
HPE have cyclopia, a single median eye located beneath the proboscis. However, phenotypes
range from this most severe form through midfacial hypoplasia, clefting, and hypotelorism
with a single central upper incisor, and some individuals with causative mutations may
appear unaffected (Ming and Muenke 1998, Nanni, Schelper et al. 2000, Heussler, Suri et al.
2002).

The molecular etiology of HPE has been largely attributed to alterations in signaling by the
Hedgehog pathway during brain development (Belloni, Muenke et al. 1996, Roessler,
Belloni et al. 1996, Roessler, Belloni et al. 1997, Brown, Warburton et al. 1998, Ming and
Muenke 1998, Roessler and Muenke 1998, Roessler and Muenke 1999, Wallis and Muenke
1999, Wallis, Roessler et al. 1999, Gripp, Wotton et al. 2000, Muenke and Beachy 2000,
Nanni, Ming et al. 2001, Ming, Kaupas et al. 2002, Schell-Apacik, Rivero et al. 2003, Jeong,
El-Jaick et al. 2006, Jeong, Leskow et al. 2008, Roessler, El-Jaick et al. 2009, Roessler,
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Lacbawan et al. 2009, Roessler, Ma et al. 2009, Solomon, Lacbawan et al. 2009, Roessler
and Muenke 2010). /n utero exposure to alcohol or other teratogens also causes
malformations in the face, and these resemble HPE (Sulik, Cook et al. 1988, Sulik 2005,
Welch, Panter et al. 2009, Hong and Krauss 2012). However, the cause of the variable
phenotypic presentation is not known. Mice homozygous for a null mutation in Shh have a
very severe phenotype that includes cyclopia or anencephaly of the anterior neural tube
(Chiang, Litingtung et al. 1996), but these animals do not display the less severe forms
observed in patients. How this spectrum of outcomes is observed in patients has been under
intense investigation for a long time, and the work in mice suggests that thresholds of SHH
signaling may be an important factor in phenotypic outcome. In the SHH heterozygotes, the
level of SHH signaling is above a threshold that causes disease, but why does
haploinsufficiency in people cause the range of phenotypes that are observed? One
suggested possibility is that individuals with more severe forms of HPE have a second
genetic alteration that modifies the primary mutation to produce a more severe phenotype
(Ming and Muenke 2002). This second-hit model has received wide attention and has been
observed in a set of HPE patients (Mercier, Dubourg et al. 2011). Further, experimental
evidence supports this idea in mice. Mutations in the Shh co-receptor Cdo (Tenzen, Allen et
al. 2006) lead to HPE in some strains of mice, but not in others. However, mouse strains that
are normally resistant to HPE have a phenotype if they also have a mutation in the related
protein Boc (Tenzen, Allen et al. 2006, Zhang, Hong et al. 2011). Further, mutations can
sensitize animals to teratogenic insults. Homozygous null mutations in the putative SHH co-
receptor Cdon does not produce HPE in 129S6 mice, but it does sensitize mice to other
perturbations that by themselves would not produce disease. For example, in elegant work,
when sub-teratogenic doses of alcohol were administered to these mice, a range of
phenotypes was produced that reflected the spectrum of HPE phenotypes seen in patients,
suggesting that a sensitizing mutation synergize with, in this case, a sub-teratogenic
environmental insult to produce HPE (Hong and Krauss 2012), and this can be rescued by
reducing levels of the negative regulator of Shh signaling Ptch1 (Hong and Krauss 2013).
The extent to which the two-hit method of modifying phenotypic severity occurs in a large
number of HPE patients is unknown, but this is a very intriguing possibility.

An alternative model may also help explain the variation in phenotype observed in patients;
variation can be produced as a result of the function of signaling pathways in general.
Modeling experiments have shown that in individual cells, the Shh pathway appears to be a
binary switch (Lai, Robertson et al. 2004). A cell has either responded to Shh or it has not,
and the probability that a cell has responded is related to the concentration of Shh ligand. At
low concentrations cells are unlikely to respond, while at high concentrations cells are very
likely to respond. However, at intermediate concentrations of Shh ligand, large amounts of
variation in responsiveness can be observed. This leads to non-linear response of cells to
various ligand concentrations (Fig. 3). Using a dose-response experiment, avian embryos
were subjected to varying degrees of Shh signal blockade in the developing brain. A similar
non-linear relationship was observed between the level of blockade and facial shape (Young,
Chong et al. 2010). This indicates that for small changes in ligand concentration, large
changes in facial shape can result. Hence, non-linear relationships arising as a result of the
function of signaling pathways may also contribute to phenotypic variation in patients.
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3.2. Cleft lip/palate

3.3. Shape

In addition to HPE, which produces a combined brain and face malformation, other
structural malformations of the face may result from disruptions to the interactions of the
brain and face during development. One particularly important area of exploration is related
to non-syndromic cleft lip and palate. These forms of clefting occur in isolation from other
malformations and often have no known underlying genetic cause. However, it seems
apparent that alterations in the rate of brain growth could potentially lead to clefting
malformations due to the influence that the brain has on positioning of the facial primordia
during development in some individuals (Diewert and Lozanoff 1993, Diewert, Lozanoff et
al. 1993, Jiang, Bush et al. 2006).

The developing facial primordia must exhibit a concerted pattern of growth that brings them
in apposition with one another in order to fuse and form the primary and secondary palates.
Failure to meet at the appropriate times in development leads to fusion failure and orofacial
clefting. If the growth rate of the brain is more rapid, the facial primordia may be positioned
farther apart. Hence, the primordia may have reduced likelihood of achieving apposition at
the times required for proper fusion.

A significant relationship between brain shape and incidence of orofacial clefting has been
observed in some studies, suggesting that alterations in the brain may contribute to the
incidence and/or severity of non-syndromic clefting in the face. Non-pathological changes in
the volume of various brain regions have been observed in some patients with non-
syndromic cleft lip and palate (Nopoulos, Berg et al. 2002). These Individuals exhibited an
enlarged cerebrum and changes in the shape of the corpus callosum, among other changes,
suggesting that a change in the brain may play a role in clefting (Weinberg, Andreasen et al.
2009). Alterations to midline development of the brain may be a common event associated
with facial malformations. However, the causal relationships between these brain alterations
and cleft lip and palate remain unexplored, and the extent to which these changes are
observed in larger cohorts of affected individuals is not known.

correlations with brain pathology

While most work focuses on the structural relationships between the developing brain and
face, there also appears to be a relationship between brain pathologies and facial shape. For
example, recent investigations have revealed significant differences in the shape of the faces
of people with psychological disorders. In patients with bipolar disorder, significant
differences in facial shape were observed. The changes were primarily found in the
frontonasal region, and consisted of facial widening, vertical shortening, and alterations to
the nose and mouth (Hennessy, Baldwin et al. 2007, Hennessy, Baldwin et al. 2010).
Interestingly, these same general changes were observed with individuals diagnosed with
schizophrenia. While the exact mechanisms underlying these facial changes are unknown, it
is worthy to note that the changes in facial shape occur in regions that are highly influenced
by molecular signaling from the brain to the face. Whether these signaling interactions are
altered in these patients is not known, but deserves consideration.

Curr Top Dev Biol. Author manuscript; available in PMC 2019 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marcucio et al.

Page 10

4. The Role of Brain-Face Interactions in Generating Evolutionary

Variation

Given the impact of the brain on the face, variation in these interactions is likely to
contribute to evolutionary differences in morphology. Indeed, the FEZ is present in all
assayed amniotes (Odent, Atti-Bitach et al. 1999, Hu and Marcucio 2009, Young, Hu et al.
2014), and its spatial organization appears to vary with differences in facial morphology. For
example, in mice, Shh expression is divided into medial and lateral domains, while in birds
Shhexpression is observed as a single domain that spans the primordial upper jaw (Hu and
Marcucio 2009, Reid, Yang et al. 2011). Altering SHH signaling within the forebrain leads
to changes in the spatial organization of the SA/h expression domain in the FEZ. Activating
SHH signaling in the forebrain of early-stage chick embryos superimposes a mammalian
pattern of Shh expression in the FEZ and similarly alters the morphology of the developing
upper jaw (Hu and Marcucio 2009). This result suggests that SHH signaling within the brain
controls the spatial organization of S/ expression in the FEZ, and altering this signaling
system may generate variation in natural systems.

The differences in the patterns of Sh/expression in the FEZ of birds and mice are dramatic
and obvious. However, more subtle differences in the shape of the Sh/ expression domains
in the FEZ among closely related animals are closely related to the morphology of the
animal’s face. Novel methods to quantify the shapes of SA/ expression domains have
revealed that differences in the shapes of the Sh/ expression domains in the FEZ of chicken,
quail, and duck embryos are detectable, and that the shapes of these domains are highly
correlated with the facial shapes of the developing embryos (Hu, Young et al. 2015).

The exact mechanisms by which these different patterns are generated are not known.
Experimental evidence indicates that the brain plays some role in this process, possibly due
to subtle differences in the SAh/ expression patterns within the brain of each embryo. In the
basal forebrain of duck embryos, the Sh/ expression domain is wider compared to that in
chick embryos, and transplanting the basal forebrain from the duck to the chick embryo
shifted the morphology of the chimera in the direction of the duck. This was accompanied
by a shift in the shape of the S// expression domain in the chimera (Hu, Young et al. 2015).
However, it must be noted that the changes in the shape of the S/ expression domain in the
FEZ were not statistically significant, but there was likely experimental variability that
precluded detecting these differences. Nonetheless, the shapes were shifted in the right
direction in the experimental embryos, and importantly, the shape of the Shh expression
domain in the FEZ was highly correlated with the shape of the developing midface.
Together, these data indicate that the brain plays some, as yet undefined, role in patterning
the shape of the Sh/ expression domain, and the shape of the Sh/ expression domain
contributes to the pattern of morphogenesis observed in the developing midface.

5. Conclusions:

Studies performed in a variety of animal models and on human patients have uncovered a
series of interactions between the brain and the face that regulate the coordinated
development of these structures. The connective tissue precursors of the facial skeleton are
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derived from the brain during early stages of development. The brain exerts an epigenetic
influence on the developing face through the effect of its expansion on position and
subsequent growth of the facial anlagen, and these epigenetic influences may have profound
consequences on the incidence and severity of structural malformations, such as cleft lip and
palate, of the developing face. Finally, a series of molecular signaling interactions between
the brain and facial tissues appear to coordinate the growth of the brain and the face.
Understanding these interactions will ultimately lead to a greater understanding of
developmental mechanisms and the etiologies of birth defects that affect the brain and the
face. Ultimately, this understanding may lead to improved patient care through a better
appreciation of the human condition, improved diagnostic tools, and/or development of new
therapeutic regimens to directly treat patients.
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ANP

Figure 1. Shared Expression Domains between the Brain and Face.
Closure of the anterior neural pore segregates anterior neural and surface ectoderm. At this

time the Fgf8 domain (yellow) that spans the anterior neural plate and the anterior surface
ectoderm becomes two distinct domains. (ANP = anterior neuropore, FB = Forebrain, red
arrow = signaling from mesendoderm to forebrain)
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Figure 2. Growth of thebrain and face.
Relationship of the brain (shaded) to the face during facial morphogenesis, shown at

comparable stages in human (CS16) (A), mouse (e10.5) (B) and chicken (hh22) (C). Facial
prominences grow towards each other (arrows, A), converging at the midline (D), while the
brain becomes relatively wider and divides into two distinct lobes.
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Figure 3. Nonlinearity in the relationship between development and phenotypic outcomes.
In a nonlinear relationship, in this case represented as an S-shaped curve, there is a

continuous relationship between a genetic or developmental factor and the phenotypic
outcome, however the variance in phenotypic outcomes differs for the same developmental
variance. In this example, at normal levels of a developmental factor, phenotypic outcomes
tend to be similar. Likewise, when the developmental factor is completely removed,
phenotypic outcomes are also similar, such as the case in a highly penetrant genetic
knockout. In contrast, when the developmental factor is reduced, such as in a heterozygote
animal, the variance in phenotypic outcomes is much greater for the same developmental
variance.
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