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Abstract

Craniofacial development requires an exquisitely timed and positioned cross-talk between the
embryonic cephalic epithelia and mesenchyme. This cross-talk underlies the precise translation of
patterning processes and information into distinct, appropriate skeletal morphologies. The
molecular and cellular dialogue includes communication via secreted signaling molecules,
including Fgf8, and effectors of their interpretation. Herein, we use genetic attenuation of Fgf8 in
mice and perform gain-of-function mouse-chick chimeric experiments to demonstrate that
significant character states of the frontonasal and optic skeletons are dependent on Fgf8. Notably,
we show that the normal orientation and polarity of the nasal capsules and their developing
primordia are dependent on Fgf8. We further demonstrate that Fgf8 is required for midfacial
integration, and provide evidence for a role for Fgf8 in optic capsular development. Taken
together, our data highlight Fgf8 signaling in craniofacial development as a plausible target for
evolutionary selective pressures.
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INTRODUCTION

The appropriate patterning, morphogenesis and integration of the gnathostome skull are
achieved via an exquisitely positioned and timed cross-talk between the embryonic cephalic
epithelia and the subjacent mesenchyme. Elaboration of this cross-talk is manifested in the
induction and maintenance of intricate patterns of gene expression, the spatial and temporal
details of which underlie the precise translation of patterning processes and information into
discrete, appropriate skeletal morphologies. The lambdoidal junction (\-junction), formed
where the maxillary division of the first branchial arch (mxBA1) meets the medial (mFNP)
and lateral (IFNP) frontonasal processes, exemplifies a morphologically and molecularly
intricate epithelial-mesenchymal craniofacial interface (Depew and Compagnucci, 2008;
Compagnucci et al., 2011). The organization of the A-junction is complex and embodies the
future positions of the choanae, the upper lips and (premaxillary) incisors, the primary and
secondary palates, and the optic (OPC) and nasal (NSC) capsules (Figure 1). The
functionality and morphology of each of these structures depends on the appropriate
orientation and polarity (i.e., relative development along the medio-lateral, dorso-ventral and
rostro-caudal axes) of the craniofacial primordia associated with the A-junction during
development (Tamarin and Boyde, 1977; Compagnucci et al., 2011).

Outside of enamel-producing ameloblasts, cephalic epithelia don’t yield cranial skeletal
structures: the importance of these epithelial cells to cranial skeletal morphology and
evolution thus largely lies in their influences on the mesenchyme, much of it cranial neural
crest (CNC) in origin. Phenotypic analyses of mutations of genes expressed in the ectoderm
(and not the associated CNC) have demonstrated the requirement for a properly informed
and competent surface cephalic ectoderm (SCE) (Depew and Compagnucci, 2008).
Extirpation studies indicate that the olfactory placode is essential to the formation of the
NSC: without an olfactory placode, the morphologic events surrounding the formation of the
olfactory pits (OFP) fail to manifest and a knock-on effect on the skeleton of the capsule
ensues (Bell, 1907; Burr, 1916; Corsin, 1971; Reiss, 1998; Schmalhausen, 1939; Toerien
and Roussouw, 1977; Zwilling, 1940). Hence, formation of the placode and its subsequent
subdivision is essential to the parsing of regional pattern and structure, though the specifics
of the correlation between aberrant olfactory placodogenesis and loss of NSC structure or bi-
capsular integration with the midline trabecular basal plate (TBP) has yet to be fully
understood.

Furthermore, manipulations of avian SCE have identified a sub-region, the facial ectodermal
zone, or FEZ, and factors expressed therein (e.g., Shh, Bmp4, and Fgf8), as critical for the
development of sub-components of the associated skeleton (Hu et al., 2003; Marcucio et al.,
2005). Specifically, the FEZ regulates proximo-distal extension and dorso-ventral polarity of
the middle part of the upper jaw (Hu et al, 2003, Hu and Marcucio, 2009).

Fgf8 is dynamically expressed during SCE ontogeny (Figure 1), and has been shown to
regulate specific aspects of craniofacial pattern and development (Abu-Issa et al., 2002;
Bailey et al., 2006; Creuzet et al., 2004; Depew et al., 2002b; Dode and Hardelin, 2009;
Ferguson et al., 2000; Frank et al., 2002; Hu et al., 2003; Kawauchi et al., 2005; Lioubinski
et al., 2006; Macatee et al., 2003; Neubuser et al., 1997; Pauws and Stanier, 2007; Riley et
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al., 2007; Storm et al., 2006; Szabo-Rogers et al., 2008; Trumpp et al., 1999; Tucker et al.,
1999a,b). Mice which have lost Fgf8 in the SCE due to conditional inactivation of a floxed
allele (Kawauchi et al., 2005) or which carry hypomorphic alleles of Fgf8 (Abu-Issa et al.,
2002; Frank et al., 2002) demonstrate its necessity for olfactory placodogenesis. Moreover,
over- and under-expression studies have shown Fgf8 to affect the development of the avian
craniofacial skeleton (Abzhanov and Tabin, 2004; Szabo-Rogers et al., 2008). Cumulative
evidence therefore indicates that the elaborate ontogeny of Fgf8 expression in the SCE
reflects a dynamic and significant signaling environment to be encountered by the CNC
responsible for generating rostral cranial skeletal structures.

We have previously proposed that, just as artificial modulation of Fgf8 levels in the SCE
through experimentation results in altered skeletal morphologies, modulation of Fgf8 levels
through natural selection may have acted as an evolutionary means of generating variation in
cranial skeletal morphologies (Depew and Simpson, 2006; Depew and Compagnucci, 2008).
To address the relationship between levels of Fgf8 signaling and the complex cranial
skeleton of the rostral head, we’ve used several approaches to vary Fgf8 levels in the SCE.
We’ve utilized combinations of previously characterized hypomorphic (Neo) and null
murine Fgf8 alleles to allow for a modulation of Fgf8 signaling by reducing functional
expression levels to approximately 20% (Fgfgnull/Neo) 4004 (FgfgNeoNeoy 5004 (Fgfg*/nully
or 70% (Fgf8*/Neo) of normal (wild-type) levels (for characterizations of alleles and relative
levels of Fgf8 protein, see Meyers et al., 1998; Abu-Issa et al., 2002; Frank et al., 2002;
Storm et al., 2003; 2006). These graded challenges to Fgf8-regulated cranial morphogenesis
allowed us to demonstrate that Fgf8 dosage determines murine mid-facial integration and
polarity within the NSC and OPC. We’ve additionally used wild-type and Fgf8-
compromised murine SCE in murine-chick xenograft experiments to show that differential
Fgf8 allelic dosages elicit disparate responses in host tissue, further suggesting that
patterning and growth are dosage dependent.

MATERIALS AND METHODS

Murine anatomical analyses

Fgfg*/*, Fgfg+/Neo pgfg*/null | FofgNeo/Neo gng Fgfgnull/Neo mice perinates were collected,
rinsed in PBS, and photographed. Differential staining of bone and cartilage in neonates
followed established protocols (Depew, 2008).

Whole mount in situ hybridization, TUNEL and proliferation assays

Embryos were fixed overnight in 4% paraformaldehyde (PFA) in PBS at 4°C, rinsed, and
passed through a grades series of MeOH. Whole mount in situ hybridization and preparation
of Alx3, Alx4, Barx2, Bmp4, DIx2, DIx5, Fgf8, Msx1, Msx2, Pea3, Pitx1, Raldh3, Satb2,
Sx1, Soryl, Thx3, and Wnt5a ribroprobes followed standard protocols as described in
Depew et al., 1999. Unless otherwise noted, multiple embryos were used for each
experimental parameter. Apoptotic cells were detected in whole mount embryos by terminal
transferase dUTP-biotin nick-end labeling (TUNEL) using a kit (in situ cell death detection
kit, Roche cat#11684795910) following the manufacturer’s instructions. Sections were
counterstained with Hoechst dye. Whole mount apoptotic cell death was assessed by
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TUNEL assay on E10.5 embryos using an Apoptag Peroxidase in situ apoptosis detection kit
(Chemicon) as per manufacturers instructions. Proliferation rates were assayed through
immunohistochemical analysis of sections stained with an anti-Phosphohistone H3 antibody
(Cellsignal, cat# #9701, at a 1:200 dilution with antigen retrieval in Sodium Citrate buffer at
100°C for 25min) and counterstained with DAPI.

Scanning Electron Microscopy

Embryos from timed pregnancies were harvested and fixed at 4°C overnight in 4%
paraformaldehyde and 0.2% glutaraldehyde, washed in PBS, dehydrated in a graded ethanol
series, critical point dried, sputter coated with gold, and viewed and photographed in a FEI
Quanta FEG operating at 10 kV.

Mouse-Chick chimeras

Wild-type and Fgf8"Ull//Neo embryos were harvested at E10.5 and FEZ ectodermal grafts
were prepared as per Hu et al., 2003 and Hu and Marcucio, 2009. Chick embryos were
incubated to HH25 and used as hosts for engraftment of the FEZ from mutant and wild-type
mice as described (Hu and Marcucio, 2009). 1 ml of albumin was removed and a small hole
was made in the shell to expose the embryo. Then host ectoderm was removed from an area
corresponding to the size of the graft tissue, and the murine ectoderm was placed and
secured onto the prepared host site with glass pins (Figure 7). Mouse-chick chimeras were
incubated until day 13, photographed, and fixed in 4% paraformaldehyde, dehydrated,
embedded in paraffin, sectioned, and stained with safranin-O and Fast green.

Animal genotyping

RESULTS

As per Meyers et al., 1998.

Fgf8 dosage determines polarity and orientation within the nasal and optic capsules and
midfacial integration

To determine whether cranial skeletal morphology associated with the A-junction is sensitive
to allelic dosage of Fgf8 we examined perinatal Fgf8*/+, Fgfg*/Neo Fgig+/null - FgrgNeo/Neo
and Fgfgnull/Neo mice differentially stained for bone and cartilage (Figure 2). Fgfgnull/null
embryos die from defective gastrulation (Sun et al., 1999) and were therefore unexamined.
Confirming previous reports (Meyers et al., 1998), we found that neonatal Fgf8*/Neo and
Fgfg*/null mice were phenotypically comparable to wild-type littermates (Figure 2b).
FgfgNeo/Neo negnates exhibited altered NSC (n=4/8) and OPC (n=8/8), as well as of the TBP
(n=4/8) to which they both attach, while Fgf8"ull/Neo mytants evinced more drastic
alterations still (n=14/14), typically exhibiting midfacial cleft (n=12/14; Figure 2al, d, g-1,
k), among which a few (n=2/12) were found to have a clearly split mid-face but some
midline facial tissue still apposed (Figure 2a2, j, ). Atypically, a perinatal Fgfgnull/Neo
mutant exhibited an oro-rhinarial asymmetry or presented with a loss of the rhinarium
altogether (n=2/14) wherein such animals showed a near complete collapse of structure
centered at the midline (Figure 2a34, d%). To present the cranial skeletal structural changes
of the FgfgNeo/Neo ang Fgfgnull/Neo negnates (concentrating on the great majority (n=12/14),
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or ‘typical’, phenotype encountered), we describe and compare them to phenotypically wild-
type littermates (either Fgf8*/* or Fgf8*/nully by region below.

Optic Capsules—OPC contain two struts, the pre-optic and post-optic pillars, that run
laterally from the TBP to a third component, the ala orbitalis, a cartilaginous wing
representing the lateral boundary support to the optic apparatus that normally connects the
OPC (rostrad) to the NSC (via the sphenethmoidal commissure) and (caudad) the taenia
marginalis (Figures 1 and 2); together, the pre-optic pillar, post-optic pillar, ala orbitalis and
TBP enclose the optic foramen. In FgfgNeoNeo negnates, the ala orbitalis didn’t
appropriately expand laterad and attached only to the pre-optic pillar, itself abnormally
represented by a cylindrical rod mis-oriented caudo-laterally (n=8/8; Figure 2c). The
FgfgNeo/Neo sphenethmoidal commissures extended rostrad but were smaller and mis-
oriented toward the middle of the pars posteriors of the NSCs. Each mutant post-optic pillar
was hypoplastic, with only a precociously ossifying remnant of the ala hypochiasmatica
remaining (Figure 2c). Thus, a true optic foramen failed to form.

These structural changes were exacerbated in the Fgf8"Ull/Neo negnates (n=14/14), with the
ala orbitalis even further reduced in size and its sphenethmoidal commissure extension
noticeably smaller (Figure 2d, g-1). Notably, directional asymmetry (consistent sidedness)
existed in the remnants of the ala hypochiasmatica of Fgfgnull/Ne® neonates as the right side
was typically larger and more robust (n=10/14) (Figure 2d, h, j, I, where the skulls presented
are viewed from below and hence the right side of the skull appears on the left side of the
picture). This represents the first demonstration that Fgf8 is essential for normal OPC
development and that capsular morphogenesis is Fgf8 dosage sensitive.

Nasal Capsules—NSCs are complex structures grossly composed of three subdivisions
(Figures 1 and 2; Depew et al., 2002b). The rostral-most component, through which the
external nares provides entrance to the NSC (and cavity), is the pars anterior; just caudal to
this is a medial subdivision, the pars intermedia, which is followed by the caudal-most pars
posterior. The TBP and its nasal septal extension form the medial, midline boundaries of the
NSC.

Compared to wild-types (or Fgfg*/null), the NSC of affected Fgf8Ne/Neo negnates (n=4/8)
were slightly hypoplastic rostrally with both the pars anterior and pars intermedia
compressed toward the midline (Figure 2c); the anterior of the pars posterior of FgfgNeo/Neo
skulls extended laterad, as with wild-types, but the posterior ends, as represented by the
cupola nasi posterior, were hypoplastic and did not fully come together with their contra-
lateral partners at the midline. Turbinalia, scroll-like projections from the interior of the
NSC, were present but hypoplastic in FgfgNe/Neo neonatal mutants.

Alterations of the NSC of Fgfgnull/Neo negnates were substantially more extensive than those
seen in FgfgNeo/Neo negnates, and represented a significant change in the orientation and
polarity of NSC structure (n=14/14) (Figure 2d, h-l1). Contra-lateral NSC did not meet at the
midline but were integrated with bilaterally separated nasal septa (n=12/14). The pars
anterior were severely hypoplastic (rostro-caudally, dorso-ventrally and medio-laterally),
lacked developed alae and crista semicirculari, and possessed aberrant naral openings.

Dev Biol. Author manuscript; available in PMC 2014 July 08.
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Mutant pars intermedia were compressed rostro-caudally but slightly expanded medio-
laterally, lacking proper capsular floors (solum nasi). Paraseptal cartilages were not present.
The pars psoterior presented an extensive lateral expansion and enlargement of the recessus
cupularis at their anterior ends, and maintained the processus maxillaris that extends
externally from the posterior margin of the recessus cupularis. However, the pars posterior
evinced an extensive hypoplasia of the cupola nasi posterior, which only presented as
cartilaginous spurs oriented toward the base of the split nasal septum (Figure 2h). Fenestra
basinasali were present but were pushed rostrad. Ethmoturbinalia were either hypoplastic or
missing, the cribriform plates being smaller and less fenestrated. Asymmetry between the
contra-lateral NSC was occasionally encountered, generally being more acute rostrally
within the pars anterior and pars intermedia (n=4/14; Figure 2j, k); however, unlike with the
OPC, directional asymmetry was not noted. Notably, even when asymmetry was
encountered these alterations of orientation and polarity were fully penetrant in both contra-
lateral NSC in Fgf8null/Neo negnates. Deficits of the cartilaginous NSC were, moreover,
mirrored by deficits in the dermatocranial elements associated with them (Figure 29),
including of the premaxillae and maxillae (which failed to extend palatal shelves). Thus,
Fgf8 regulates the structural polarity of the NSC.

Trabecular Basal Plate—Both the OPC and NSC of wild-type neonatal skulls are
integrated with the chondrocranium through their attachments to the TBP. The TBP is
formed from paired midline extensions (trabeculae cranii) running rostrad from the center of
the basisphenoid (where the pituitary sits), through the presphenoid and extending rostrad to
form the nasal septum between the NSC (Figures 1 and 2). These paired structures typically
condense and chondrify in such a manner that a single midline cartilaginous structure and
presphenoidal ossification center is normally seen in skeletal preparations of mice.

The levels of Fgf8 found in half of the Fgf8Ne/Neo neonates examined (n=4/8) were
insufficient to generate a completely normal TBP: ossification of the presphenoid was
aberrant and abnormally extended rostrad at the midline where it ended blindly as a gap in
the TBP cartilage appeared (Figure 2c). Rather than extending at the midline from the
presphenoid as a single unit, the caudal end of the nasal septum was formed of two struts
running rostrad from the lateral margins of the TBP at the pre-optic pllar; the anterior ends
of each strut re-met at the midline forming a single, unified nasal septum to which each
contra-lateral NSC attached. Vomers, peri-sagittal dermatocranial bones intimately
associated with the cartilaginous nasal septum, were present.

Unlike FgfgNeo/Neo mytants, in typical (cleft) FgfgUll/Neo mytants the nasal septum was
clearly and widely split (n=10/12), extending branches laterally from the pre-optic pillar
(outlined by multiple diminutive black arrows in Figure 2d, h) that did not meet their contra-
lateral partners to form the usual unified midline structure (Figure 2d, g-i, k). Infrequently
(n=2/12), the nasal septum was split but each contralateral division closely apposed its
opposite (Figure 2j, I). The body of the mutant presphenoid usually contained three disparate
centers of ossification: one each on the lateral margins of the TBP between the ala
hypochiasmatica and the pre-optic pillar (Figure 2g-1) and a third extending rostrad in
marked projection at the midline (Figure 2). Except when the nasal septum were split but
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apposed (n=2/12; Figure 2j, I), vomers were clearly present along the margins of the widely
split nasal septum but did not meet at the midline (n=10/12; Figure 2g-1, k)

Fgf8 dosage determines midfacial structural integration, polarity and orientation within the
nasal and optic capsules. Utilizing several combinations of Fgf8 alleles, including
Fgfgnull/Neo  FfgNeo/Neo gnd Fgfgnullwt we have demonstrated that large-scale, consistent
(penetrant) differences in cranial skeletal morphologic development occurs in murine
perinates carrying disparate combinations of alleles. The consistent, lateral expansion of the
pars posterior and enlargement of the recessus cupularis, together with the hypoplasia of the
pars anterior (rostrally) and cupola nasi posterior (caudally) (presaged in the skulls of
FgfgNeo/Neo mytants presenting a higher allelic dosage of Fgf8 and given fuller voice in the
Fgfgnull/Neo mytants constituting a lower Fgf8 dosage) represents a re-orientation of NSC
morphogenesis and structure. Moreover, the relative loss of Fgf8 results in an inability to
properly consolidate and integrate the TBP (initially two bilateral medial anlage) into a
singular, unified midline structure - though it does not eradicate the ability to make midline
structures themselves (as witnessed by the presence of NS and vomers). Notably, herein we
have provided the first demonstration that Fgf8 is essential for appropriate OPC
development and that capsular morphogenesis is Fgf8 dosage sensitive.

Fgfgnull/Neo empryos show early embryonic disruption of craniofacial primordia and
olfactory pit (OFP) polarity

As analysis of the skulls of FgfgNeo/Neo and Fgfgnull/Neo mytants evinced dosage dependence
in capsular (NSC and OPC) and TBP development, we investigated the morphogenetic
origins of the craniofacial defects in the more severely affected Fgf8"!l//Neo embryos through
scanning electron microscopy (SEM). SEM permits detailed comparison of the embryonic
manifestation of the craniofacial primordia associated with the A-junction (Tamarin and
Boyde, 1977).

From E9.0 to E10, the SCE on either side of the frontal prominence of the normal murine
embryo first focally thickens, forming olfactory placodes, and then begins to invaginate
centrally. By E10.25, this process results in the formation of an OFP, denoting the future
external nares, separating the mFNP and IFNP (Figure 1 and pseudo-colored green in Figure
3). Each contra-lateral set of an OFP (pseudo-colored green in Figure 3), mFNP (pseudo-
colored red) and IFNP (pseudo-colored blue), is initially separated by the floor of the frontal
prominence and the roof of the stomodeum: by E12, contra-lateral mFNP meet at the
midline to form the so-called intermaxillary segment.

SEM micrographs demonstrated that in Fgf8"u!/Neo embryos, the process of OFP formation
was initiated but did not, however, proceed normally (n=5/5): at E10.25, OFP were patent in
mutant embryos but they were shallower and greater in breadth both medio-laterally and
dorso-ventrally (Figure 3). Notably, mutant OFP epithelium (n=4/5) developed parallel
striations of cells; similar striations were apparent in the most severely affected Fgfgnull/Neo
(one with a single, flattened OFP) (Figure 3d’). Asymmetry in the size and placement of
mutant OFP was occasionally seen (n=2/5). The swelling mFNP and IFNP of the
Fgfgnull/Neo embryos were smaller and larger, respectively, than those found in wild-type
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embryos and were altogether noticeably offset laterally from the developing head (Figure
3h).

By E12.0, when compared to wild-type littermates, Fgfgnull/Neo mytant IFNP were enlarged
laterally and mFNP were hypoplastic, in particular where they met the maxillary BA1 and
IFNP (n=2/2; Figure 3f). By this time, the naral openings have normally become small
dorso-ventrally oriented slits in the center of the enlarging IFNP and mFNP; mutant nares,
however, were shallower, shorter, and mis-oriented obliquely and contra-lateral mFNP
failed to appose medially to form intermaxillary segments (Figure 3f). Together, these
alterations correlate with the subsequent midfacial cleft and the medio-lateral and dorso-
ventral re-orientation of NSC morphology seen in Fgfgnull/Neo neonates.

Fgf8 expression, and that of immediate responsive genes, is lacking in the SCE and FNP
of mutant embryos.

We investigated whether the levels of Fgf8 in Fgf8"ul/Neo embryos were sufficient for
normal embryonic cephalic Fgf8 expression. At E9.5, normal Fgf8 expression includes
transcripts in the commissural plate, the oral ectoderm of the first branchial arch (BA1), and
the ventrolateral ectoderm of the SCE between the commissural plate and the olfactory
placode; in mutant embryos, we found moderately decreased transcript levels in BA1, more
significant decreases in the commissural plate, and an absence of detectable transcripts in
the ventrolateral ectoderm (Figure 4a). This pattern continued at E10.5 (data not shown).
Moreover, frontonasal expression of Soryl and Pea3, two Fgf8-responsive genes (Brent and
Tabin, 2004; Firnberg and Neubuser, 2002; McCabe et al., 2006; Minowanda et al., 1999;
Roehl and Nusslein-Volhard, 2001), was highly reduced or lost by E10.5 in Fgfgnull/Neo
embryos (Figure 4b, c).

To determine whether the loss of early ventrolateral ectoderm Fgf8 expression in
Fgfgnull/Neo mytant embryos correlated with a potential absence of regional CNC (possibly
due to aberrations at the isthmic-organizer; see Trainor et al., 2002), we examined the
expression of Alx3, a marker of the ectomesenchyme that yields the elements of the
frontonasal and TBP skeleton. At E9.5 in Fgf8ll/Neo empryos, Alx3 was expressed, in a
pattern typical of wild-types, along a ring around the eye and subjacent to the Fgf8-less
ventrolateral ectoderm, thus indicating the presence of CNC (Figure 4d); however, unlike in
wild-type embryos, Alx3-positive cells were also found at the midline of the stomodeal
region of the frontal prominence (Figure 4d). The presence of regional ectomesenchyme was
confirmed with by detection of Sox9-positive cells, although in Fgf8™!!/Neo embryos positive
cells were detected abnormally ringing the optic primordia (Supplementary Figure 1a).

Altered polarity of FNP transcription factor expression in Fgfgnu!l/Neo embryos presages
later skeletal defects

While the decreased dosage of Fgf8 encountered in typical Fgf8"!/Neo mutant embryos was
found to be insufficient to support normal Fgf8 expression and signaling in the frontonasal
region, it was sufficient to engender invaginating placodes and the subsequent elaboration of
medial and lateral FNP swellings: our SEM analysis, however, indicated that, between the
advent of placodogenesis and the full maturation of the FNP, regional polarity in the
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olfactory pit and FNP was affected - with the IFNP expanded and mFNP diminished - in
mutant embryos. To molecularly characterize the FNP re-orientation, we analyzed the
expression of genes with regionally distinct patterns and known involvement in craniofacial
development (Bei and Maas, 1998; Beverdam et al., 2001; Britanova et al., 2006;
Compagnucci et al., 2011; Depew et al., 1999, 2000a, b; Depew and Compagnucci, 2008;
Depew and Simpson, 2006; Grifone et al., 2005; Lanctot et al., 1997, 1999; Qu et al., 1999;
Ruf et al., 2004; Satokata et al., 2000; Satokata and Maas, 1994; Szeto et al., 1999; Zirzow
etal., 2009; Zou et al., 2004). We were principally interested in understanding the
presumptively mature A-junction at E10.5 as this time-point provides a useful read out of the
essential molecular baiplan at the root of subsequent craniofacial morphogenesis (Depew et
al., 2002b).

We found that FNP expression patterns in Fgfll/Neo embryos typically fell, relative to
wild-type littermates, into one of four categories: 1) complete loss; 2) focal loss (with or
without re-orientation); 3) expansion; or 4) relative maintenance. Exemplifying category 1,
Msx1, Thx3 and Satb2 transcripts were undetectable within the core FNP mesenchyme in
Fgfgnull/Neo empbryos (Figure 5a-c).

Alx4 and Msx2 are normally expressed in the mFNP and IFNP, where their expression
reflects regional dorsal-ventral OFP polarity (with Alx4 transcripts concentrated dorsally and
Msx2 ventrally). In Fgfnull/Neo mytant embryos, expression of both genes was focally lost
centrally within the FNP and further restricted dorsally (with Alx4) and ventrally (with
Msx2) (Figure 5d, €). Msx2 transcripts were extended dorsally along the IFNP of mutant
embryos (Figure 5e). Barx2 expression, normally detected in a punctate pattern restricted to
the central rami of the A-junction and posteriorly around the eye, was increased at the central
rami, expanded dorsally around the OFP, but lost around the eye in Fgfg"u!/Neo embryos
(Figure 5f).

In addition to dorso-ventral changes, medio-lateral alterations of OFP ectodermal gene
expression and intensity of E10.5 Fgfgnull/Neo embryos was evident, exemplified by the
medial-to-lateral expansion in intensity of Pitx1 and DIX5 (Figure 5h, i). The same was true
for the pattern of Sx1 expression, though a degree of asymmetry between contra-lateral FNP
was encountered (Figure 5g and data not shown). More specifically, Pitx1 expression
expanded laterally in the OFP (Figure 5h). Pitx1 expression along the odontogenic line of
mutant embryos was maintained though it was more diffuse and discontinuous with the
center of the A-junction (Figure 5h). DIX5 expression in Fgf8null/Neo empbryos abnormally
extended laterally at the dorsal end of the mutant OFP but was diminished ventrally (Figure
5i). At E9.75 (when the OFP are mature, with the underlying mesenchyme beginning to
differentially proliferate around them but are not yet invaginating), DIX5 expression was
increased dorsally and was distinctly seen to line the placode epithelium in striations
reminiscent of what was seen in SEM micrographs (Figure 5j; compare with Figure 3b, d*).
DIx2 expression, marking the epithelium at the center of the A-junction, exemplifies a gene
whose core pattern is essentially maintained (but which is expanded dorsally along the FNP)
(Figure 5k). Thus, both dorso-ventral and medio-lateral re-organization of expression
patterns defines the A-junction of Fgfgnull/Neo mytant embryos.

Dev Biol. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Griffin et al. Page 10

Transformed topography and polarity of regional signaling systems in the frontonasal
region of Fgfgnull/Neo empryos.

Fgf8 has been linked in a dynamic interplay with other regional secreted signaling factors
and their effectors. We therefore examined the expressional ontogeny of a number of these
factors, including that of Bmp4, Wht5a and Raldh3.

At E10.25, Bmp4 expression is normally restricted to the ventral margins of the OFPs at the
center of the A-junction and along the odontogenic line. In typical Fgfgnu!/Neo embryos
ventral Bmp4 expression was maintained though expression abnormally extended dorsad to
encompass the entire rim of the mutant OFP: moreover, mutant embryos evinced an aberrant
break in expression between the odontogenic line and the center of the A-junction (Figure
6a), and in embryos exhibiting the most severe phenotype no OFP Bmp4 transcripts were
detected (Figure 6b) but, as with all mutant embryos, were conspicuously prominent in
Rathke’s pouch.

Numerous Whts are expressed at the A-junction (Brugmann et al., 2007; Ferretti et al., 2011,
Lan et al., 2006), including Wht5a (Yamaguchi et al., 1999). Normally at E10.5, Wnt5a
transcripts are detected along the rim of the OFP and the IFNP and mFNP cores; we found,
however, that Wnt5a transcripts were still detected along the rim of the nasal pits of
Fgfgnull/Neo mytant embryos, they were undetected in the FNP cores (Figure 6c).

Raldh3, a critical component of the regional retinoic acid signaling system, is dynamically
expressed in murine embryos from E9 to E10.5 (Dupe et al., 2003). At E10.5, Raldh3 is
conspicuously expressed in a sub-portion of the developing eye and within the invaginated
OFP, where it is highly expressed ventrally and weakly expressed dorsally. In Fgfgnll/Neo
mutant embryos at E10.5, Raldh3 expression is diminished in the optic primordia and
expanded dorsally within the OFP (Figure 6d). Because of its A-junction centric expression
at earlier stages of murine development, we also examined Raldh3 expression in Fgfgnull/Neo
embryos at E9.25, finding both significant rostral and medial relative extensions in
expression (Figure 6e). Thus, diminished dosages of Fgf8 leads to a regional re-organization
of the expression patterns of other secreted signaling factors and their effectors.

Changes are detectable in early optic apoptotic profiles but not in cephalic proliferative
profiles in Fgfgnu!/Neo myrine embryos

Relative changes in programed cell death and proliferation of the embryonic head of
Fgfgnull/Neo mytant embryos have previously been investigated in the context of
telencephalic (Storm et al., 2006) and branchial arch (Abu-Issa et al., 2002) development.
We therefore extended these apoptotic and cellular proliferation profiles to include optic and
frontonasal embryonic tissues. In accord with a previous report (Storm et al., 2006) we
found that, while both the ventral neuroepithelium and the associated SCE overlying the
frontal process of the E8.5 Fgfgnull/Neo mytant embryo contained fewer apoptotic cells than
did wild type littermates, there were many more apoptotic cells at the midbrain-hindbrain
(isthmic organizer) boundary (Supplementary Figure 1c). Moreover, at both E9.5 and E10.5,
there are greater numbers of apoptotic cells in the mesenchyme surrounding the
neuroepithelium of the optic stalk, within the optic stalk itself, and in the ectodermal
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epithelium associated with the optic primordia (Supplementary Figure 1b,d,e). We detected
only minor differences in the position and number of apoptotic cells associated with
developing frontonasal structures (Supplementary Figure 1). In accord with previous
investigations (Abu-Issa et al., 2002; Storm et al., 2006), we failed to detect significant
changes in proliferation indexes using anti-Phosphohistone H3 antibody assays
(Supplementary Figure 2).

SCE from wild-type and Fgfgnu!/Neo murine embryos elicit different responses in
xenographs to embryonic chick SCE

To further test whether reducing the levels of Fgf8 affects the ability of the ectoderm to
regulate patterned growth of frontonasal structures, we utilized a previously characterized
mouse-chick chimera system (Hu et al., 2003; Hu and Marcucio, 2009) and transplanted
SCE from E10.5 wild-type murine embryos to the dorsal surface of the frontonasal
prominence of HH25 stage chick embryos (Figure 7b). Such transplants result in the
formation of both ectopic upper jaw chondrocranial components as well as an associated
egg-tooth, an ectodermal appendage used to break out of the shell at hatching (Figure 7a, c).
We found, moreover, that when the ectoderm of an E10-10.5 Fgf8™!/Neo mytant embryo
was transplanted, ectopic upper jaw chondrocranial components, indistinguishable from
those induced by a wild-type graft, were likewise found (Figure 7c, d). Notably, however,
ectopic egg-teeth were conspicuously absent. This approach suggests that embryos with
different levels of Fgf8 (i.e., wild-type levels versus hypomorphic levels) generate cephalic
ectoderm with disparate inductive competences, and is in line with the idea that Fgf8 dosage
plays a significant role in regional patterning and morphogenesis.

DISSCUSION

Though complex in structural detail, the skull is constructed on a basic batplan that contains
both dermatocranial (formed of dermal bone) and chondrocranial (cartilaginous)
components, each of which can be further subdivided. For instance, the chondrocranium is
composed of both splanchnocranial (related to the BA-derived, jaw-forming structures) and
neurocranial (related to the support of primary sensory and central nervous system)
structures. Although some significant progress has been achieved in understanding the
complex patterning mechanisms related to jaw development, less has been achieved in
understanding the intricacies of patterning the neurocranial components of the skull. For
instance, the otic capsules (OTC), OPC, and NPC of the neurocranium all evince a structural
polarity such that each is not simply a symmetric, blind capsule but rather has definitive
rostro-caudal, medio-lateral and dorso-ventral axes of structural elaboration (Figure 1) in
which normal functionality is predicated on morphogenesis following these axes. Thus, even
small alterations of structural elaboration along these axes potentially bear functional
consequences. Patterning mechanisms underlying the structural polarity of the OTC, OPC
and NPC, however, largely remain unclarified, as are those regulating how each sensory
capsule is integrated (functionally and structurally combined) with the remainder of the
neurocranium.
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A basic enterprise in evolutionary developmental biological studies of the skull is to
understand and detail those patterning mechanisms in play in the manifestation of this
cranial structural batiplan as well as in the subsequent elaboration of skeletal form in
disparate taxa, accounting for how taxonomic variability in morphology is achieved both
ontogenetically and evolutionarily. While it is clear that, mechanistically, the various
elaborations of the exquisitely positioned and timed reciprocal cross-talk between the
embryonic cephalic epithelia and the subjacent CNC mesenchyme is essential to the
development and evolution of the skull, clarifying the initiation, presence, and course of
these elaborations (and their ramifications for different levels of patterning of structure at
disparate taxonomic levels) is a substantial endeavor, one that underlies the work presented
here.

In gnathostomes thus far characterized, Fgf8 evinces dynamic expression patterns during
cephalic epithelial (both neuroepithelial and SCE) ontogeny (Figure 1). While the elaborate
ontogeny of Fgf8 expression in the cephalic epithelia reflects a dynamic and significant
signaling environment to be encountered by the CNC, important particulars of the
association of Fgf8 expression in the cephalic epithelium and subsequent cranial skeletal
development and morphogenesis have remained un-determined. Three such areas that have
been in need of further understanding include: 1) the possibility that OPC skeletal structures
are regulated by Fgf8; 2), the nature of Fgf8 regulation of the NSC; and 3), whether there is
a relationship between levels of Fgf8-associated signaling and the specifics of the complex
cranial skeletal patterning, integration, and morphogenesis of structures associated with the
A-junction and TBP.

Murine optic capsulogenesis requires Fgf8

We have presented the first definitive evidence that Fgf8 is specifically involved with the
development of the OPC of the neurocranium. The OPC represent significant embryonic
cranial skeletal structures, the molecular patterning particulars of which have been mostly
ignored and are largely unknown. As evinced by both FgfgNeo/Neo (n=g/8) and the
Fgfgnull/Neo (n=14/14) neonates, development of both portions of the post-optic pillar are
sensitive to Fgf8 dosage (Figure 2). Notably, asymmetry between the remnant of the
typically larger right and the smaller left ala hypochiasmatics was evident in Fgfgnull/Neo
neonates (n=10/14), being associated with asymmetry in the ossification centers of
presphenoid. Outside of suggesting a possible correlative developmental relationship
between the ala hypochiasmatica and the body of the presphenoid, the significance of the
aforementioned asymmetries remains unclear (though they potentially derive from early
disruption in Fgf8 signaling around gastrulation). Differences between the FgfgNeo/Neo ang
Fgfgnull/Neo neonates indicate that development of the other components of the optic
capsules — the pre-optic pillar and the ala orbitalis - is also sensitive to Fgf8 dosage.

While a number of other genes expressed in the SCE are known to be required for
development of the optic sensory system, the nature of their roles in patterning the
supporting optic skeleton are typically less clear. Moreover, the development of the neuronal
component of the optic system is apparently not required for optic capsular development, as
exemplified by the loss of Pax6 (Matsuo et al., 1993; Osumi-Yamashita et al., 1997;
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Compagnucci et al., 2011). While ocular tissue defects likely characterize Fgfgnull/Neo
mutants, we did not investigate them outside of the skeletal system; we did, however, note
changes in gene expression (e.g., Barx2, Sox9, Raldh3) in early optic and peri-ocular cells as
well as significant changes in apoptosis in the optic primordia, including in the optic stalk
and the surrounding mesenchyme (Supplementary Figure 1). While it awaits experiments
using tissue-specific loss of Fgf8 to determine whether the OPC defects are directly due to
SCE Fgf8 signaling deficiencies or are perhaps due to defects in Fgf8 signaling in the
developing neuroepithelium (e.g., optic stalk) around which the OPC form, it is now known
that Fgf8 regulates the development of the OPC.

Polarity and orientation within the NSC is sensitive to Fgf8 dosage

Gnathostome NSC vary in structure, being rather simple in chondrichthyans and exquisitely
elaborate in olfaction-oriented mammals, though all possess medio-lateral, dorso-ventral and
rostro-caudal polarity and the various constituent parts of capsules (such as the turbinalia)
and their functionality are elaborated in the context of this polarity.

Extirpation studies indicate that OP epithelium is essential to the formation of the NSC and
patterning begins with the specification and initiation of placodogenesis. Though murine
Fgf8 isn?t required for placodogenesis and OFP invagination, it appears to be required for
the subsequent elaboration of the pit into an olfactory-epithelium-containing nasal cavity:
inactivation of a floxed allele of Fgf8 via a Foxg1Ce driver led Kawauchi et al. (2005) to
note that, in mutant mice with such inactivation, OFP formed but that defects in mFNP
development were encountered at E10.5. Moreover, the mutant olfactory-epithelium failed
to generate appropriate neuronal cell types. Foxgl-positive cells are, however, found in most
of the SCE, including that associated with the anterior neural ridge (Hebert and McConnell,
2000). As the Foxg1Cre driver is a null allele, a genetic interaction between Fgf8 and Foxgl
in these studies cannot be ruled out. Moreover, detailing the consequences for the polarity of
structural development of the NSC, or for possible dosage requirements for the cranial
skeleton associated with the OP, has not been presented in previous studies.

Both the absolute and the relative sizes of the pars anterior, intermedia and posterior of the
NSC (and the turbinalia elaborated therein) are crucial to normal nasal functionality,
affecting, for instance, the relative and absolute surface areas lined with either respiratory or
olfactory epithelium. Herein we have provided the first evidence that normal NSC structural
orientation, elaboration and polarity — key characteristics of this neurocranial component -
are dependent on Fgf8. Specifically, we have shown here that decreased dosage of Fgf8
leads to a caudo-lateral expansion of NSC structure, in particular the pars posterior, at the
expense of antero-medial (e.g., the pars anterior) and postero-medial structure (e.g., the
cupola nasi posterior). It is important to note that these shifts in structural orientation and
polarity were fully penetrant (n=14/14), even in those mutants (n=2/14) with a midline
collapse. Moreover, the small numbers of olfactory foramina further supports the notion that
the neuronal component of the olfactory system is compromised in the absence of sufficient
Fgf8.

Altered gene expression patterns, corresponding to the structural shifts in normal orientation
and polarity of the capsules, are evident in Fgf8 deficient embryos in both the mesenchyme
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(Sath2, Soryl, Pea3, Thx3, Msx1, and Msx2) and the epithelium (Bmp4, Sx1, Pitx1, DIX5,
and Raldh3) of the FNP in E10-E10.5 Fgfg"ull/Neo mytant embryos. While each of the genes
herein described plays a regulatory role in frontonasal development, we bring specific
attention to two here. First, the abnormal circum-OFP expression, and disconnect at the
odontogenic line, of Bmp4 in Fgfgnull/Neo mytant embryos is a notable exemplar that the
signaling environment of the A-junction itself is re-organized. Second, we emphasize that, as
evinced by the rostral and medial expansion of Raldh3 seen at E9.25, changes in the regional
molecular environment are patent prior to the actual advent of the FNP themselves.

Fgf8 and midfacial integration

The shift in the orientation and polarity of the NSC in Fgf8-deficient mice is clearly
developmentally presaged by changes in the olfactory placode, FNP and OFP. As with
Fgfgflox/flox: Foxg1Cre embryos presented by Kawauchi et al. (2005), the mFNP is
hypoplastic in typical E10.25 Fgfgnu!/Neo empryos: however, the IFNP is relatively
enlarged. These changes are in line with the lateral expansion of NSC structure at the
expense of medial structure observed in Fgf8™!l/Neo perinates. Moreover, the Fgfgnll/Neo
mutant OFP is characterized by a slight medio-lateral expansion, a decrease in depth, and
the presence of neomorphic cellular striations. With the decreased depth of the invagination
of the pit of mutant embryos, the elaborated mutant NSC are expanded with respect to
deeper structures and diminished in elements closer to the nasal aperture. The OFP epithelial
striations are notable, and may indicate a regional change of cellular differentiation and fate;
any relationship between the observed change in cellular organization of the OFP and the
subsequent changes in capsular orientation and polarity must be further investigated.

Fgfgnull/Neo mytant embryos elaborate medially deficient FNP thereby leaving a chasm
between the forming nasal apparatuses (Figure 3). Among the genes depleted in expression
in the Fgfgnull/Neo mutant FNP is Alx4 (Figure 5d), which is notable as Alx mutations in
humans and mice exhibit mid-facial clefting (Beverdam et al., 2001; Qu et al., 1999; Twigg
etal., 2009; Uz et al., 2010). Moreover, based on comparative genomic and expression data,
it has been suggested that alteration in Alx gene family expression in disparate taxa may
have had an impact on regional cranial evolution (McGonnell et al., 2011).

Significantly, despite the presence of a mid-facial cleft (n=12/14), midline structures in the
form of TBP and their nasal septal extensions — notably associated with dermatocranial
vomers - are present in Fgfgnull/Neo skylis, and are connected to the re-oriented NSC.
Expression of Sath2 is normally detected in both the mFNP and the maxillary BA1, and its
absence in mice leads to the loss of peri-sagittal structures of the NSC - but not to midline
TBP structures (Britanova et al., 2006). Its loss in the mFNP in Fgfgnu!l/Neo mytant embryos
is thus notable and directly correlates with cranial structural changes evident in mutant
neonates. Despite abnormalities in its ossification centers, the presphenoidal portion of the
TBP is present: together, these observations suggest that Fgf8 regulates mid-line integration
rather than midline identity per se (i.e., it regulates the developmental process that causes
contra-lateral, medial trabecula cranii to integrate across the midline into one united midline
neurocranial structure). It is unclear, however, in what tissue this regulatory Fgf8 action is
centered. For instance, by E9.5 the CNC encounter an abnormal SCE, as indicated by
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changes in cell markers including DIx5, Raldh3, and Fgf8 itself; while, the presence of Alx3-
positive CNC abnormally present at the midline around this time point suggests that normal
midline development has been compromised.

Fgf8 dosage dependence in the development of the cranium has not previously been clearly
documented, although Fgf8 dosage dependence in the central nervous system has been noted
and occasional variance in midline structural elaboration in Fgfgnull/Neo mytants reported
(e.g., Storm et al., 2003, 2006). We found that a small percentage of perinatal skulls
(n=2/14) exhibited a great reduction of midline development (Figure 2), and we follow
previous suggestions that the greater reduction in these infrequent cases is likely due to a
failure to meet a threshold level of early Fgf8 signaling.

Fgf8 dosage and the development and evolution of the rostral cranium

The TBP is a CNC-derived midline structure, integrating caudally with the mesodermal
parachordal basal plate (at the hypophysis) and extending rostrad as the NS. It thus
incorporates the rostral basisphenoid, presphenoid, mesethmoid and nasal septum, and is
intimate with the optic and olfactory systems. The cellular dynamics of growth along the
TBP are genetically regulated and taxa specific with the number of ossification centers and
amount of ossification along its rostro-caudal axis varying between taxa (Barghusen and
Hopson, 1979; de Beer, 1985; Broom, 1926, 1927; Goodrich, 1958; Moore, 1981; Depew et
al., 2002b). The TBP is integral to the organization of the skull as being, for instance, either
platybasic (with a wide basal plate and widely separated orbits) or tropibasic (with a narrow
basal plate and close-set orbits) (Barghusen and Hopson, 1979; de Beer, 1985; Goodrich,
1958; Gregory, 1935; Moore, 1981).

How pattern along the TBP is regulated and whether disparate patterning mechanisms exist
along its rostro-caudal axis has been unclear. Evidence herein suggests that patterning is
disparate along the axis. For instance, midline integration along the TBP between the
basisphenoid and the caudal presphenoid is preserved in Fgf8ll/Neo mytants while that
rostrad from the presphenoid is not - a division closely corresponding to the positioning of
the optic system. The abnormal ossification associated with the Fgfgnull/Neo presphenoid,
including clear peri-sagittal TBP endochondral ossifications at the ala hypochiasmatica and
midline extensions between the deviated nasal septa, suggests 1) optic patterning plausibly
underlies platybasic and tropibasic distinctions and 2) Fgf8-related regulation of the focal,
midline initiation of the ossification centers is one factor in the morphogenesis of this
region.

It is noteworthy that significant asymmetry of A-junction associated craniofacial structures
has occasionally been selected for during gnathostome evolution. This includes the
directional asymmetry of the odontocete cetacean blow-hole (Klima, 1999; Ness, 1967),
narwhal tusks (Eales, 1950), unilateral orbits in the Heterosomata (Gregory, 1933), as well
as jaw asymmetries in scale-eating cichlids (Hori, 1999; Stewart and Albertson, 2011) and
antisymmetric (random sidedness) dental formulae in certain bats (Juste and Ibanez, 1993).
Loss-of-function analysis in mice has revealed a number of genes whose loss results in
either directional asymmetries of nasal structures (e.g., DIX5; Depew et al., 1999) or
antisymmetric defects (e.g., Hesx1; Dattani et al., 1999; Satb2; Fish et al., 2011). Our data
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indicate that the expression patterns of a number of these genes, including of DIx5 and
Satb2, are regulated in part by Fgf8. Moreover, we previously noted that in a subset of
neonatal mice in which Fgf8 was conditionally inactivated in the oral ectoderm, some
asymmetric jaw development occurs (Trumpp et al., 1999). Asymmetry in the skulls of Fgf8
hypomorphic zebrafish has also been subsequently observed (Albertson and Yelick, 2005).
Evidence strikingly demonstrates that the naturally occurring, asymmetric skeletal elements
of the gnathostomes mentioned above - including those of the NSC, OPC, and jaws - are all
regulated in their normal morphology by Fgf8. Accumulative data thus places heterotopic,
heterochronic or heterofacient regulation of, and by, Fgf8 at the center of plausible
hypotheses regarding the origins of these asymmetries.

Herein we have utilized both genetic and experimental embryologic approaches to vary the
levels of Fgf8 in the SCE. These approaches have allowed us to examine graded challenges
to Fgf8-regulated cranial patterning. Our chimeric xenograft approach demonstrated that
embryos with different levels of Fgf8 (wild-type versus Fgf8"u!l/"e0) generate cephalic
ectoderm with disparate inductive properties and is in line with our murine genetic
investigations which show that Fgf8 dosage plays a significant role in regional patterning
and morphogenesis during OPC and NSC development as well as midfacial integration.
While these data follow from rather heavy experimental alterations of Fgf8 signaling in
embryos, they also indicate the plausibility that selective pressures on regulators of effective
Fgf8 mediated signaling are in play during the course of the evolution of the skull. Further
clarifying of the initiation, course and regulation of cephalic Fgf8 expression, together with
more thorough evaluation of subsequent Fgf8 protein levels, will shed additional light on the
ramifications of Fgf8 signaling for different levels of craniofacial skeletal patterning within
and among disparate gnathostome taxa.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Elaboration of frontonasal Fgf8 expression, its relation to the A-junction, and the structural

orientation and polarity of the frontonasal skeleton. (a-d) In situ hybridization of Fgf8 in the
SCE and frontonasal region from E9 to E10.5. The mandibular first arches in ‘a’ and “c’
have been removed to better view the ventrolateral ectoderm (vle). (e) Diagram of an E10.5
murine embryo showing inherent polarity (here defined as relative elaboration along the
rostro-caudal, medio-lateral and dorso-ventral axes (represented by ‘X:y:z’ coordinate red
arrows) of the olfactory pit. Green arrows highlight the fact that contra-lateral mFNPs must
eventually conjoin across the midline. Purple gradient disc: central rami of the A-junction
(\J) (after Compagnucci et al., 2011). Greyscale circle: the position of Rathke’s Pouch (RP)
that yields the pituitary (pit) which demarcates the position of caudal boundary of the
trabecular basal plate (TBP). (f-i’) Diagrams of the developing skeleton associated with the
nasal capsule (NSC), optic capsule (OPC), and midline skeleton of the neurocranium and
their orientation and polarity. (f) The three pars of the NSC are in blue, the TBP (midline)
structures in shades of purple, and the OPC in green. (g,h) Schemae of norma basalis
externa views of neonatal murine skulls. Blue: NSC structure. Purple: TBP midline
structures and the Red: upper jaw dermatocranium. Green lines: the relative positions of the
coronal sections for “i” and *j ”. (i, j) Nature of NSC polarity as depicted in diagrams of
coronal sections of a murine skull.
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FIGURE 2.
Fgf8 is required for inherent, essential mid-facial integration and structural polarity within

the NSC and OPC. (a) Gross anatomy of wild-type and Fgfgnull/Neo perinates (1-4).
Typically (n=10/14), mutant embryos had a complete mid-facial cleft (black arrowhead,
perinate 1); a few (n=2/14) had a clearly split mid-face but some midline facial tissue still
apposed (purple-and-black arrowhead, perinate 2). Perinate 3 exhibits an asymmetry of the
oral opening (red arrowhead). Rarely (n=2/14), Fgfgnu!l/Neo perinates present lack a
rhinarium (yellow-and-black arrowhead, perinate 4); such animals exhibit a collapse of
structure centered at the midline. Blue arrowheads: external nares. (b-1) Demonstration that
mid-facial, NSC, and OPC development are sensitive to allelic dosage of Fgf8 through
differential staining of bone (red) and cartilage (blue) in Fgf8*/nUl! (phenotypically wild-
type ), FgfgNeo/Neo ang Fgfgnull/Neo negnatal mice. (b-d) Comparison of the skulls of
Fgfg*/null (), FgfgNeoNeo (¢) and Fgfgnull/Neo (d) neonatal mice with diagramatic
representations of structural deficits. Fgfgnull’/Neo skull types correspond numerically to those
figured in *a’. The black arrowhead in 1: typical mid-facial cleft. Purple-and-black
arrowhead: the split - but apposed - nature of the midline in mutant 2. Mutant 4, representing
the rarest phenotype, has a collapse and loss about the midline such that the contra-lateral
capsules meet (yellow-and-black arrowhead). Green-and-black arrowheads indicate OPC
deficiencies. Blue-and-black arrowhead: remnants of the precociously ossifying ala
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hypochiasmatica (alh). Note that the midline (red arrow), NSC (orange-and-purple
arrowhead), and OPC (black-and-green arrowhead) defects in the FgfgNeo/Neo muytants (c),
representing the allelic combination with the greatest yield of Fgf8 protein, are less severe
than in the Fgfgnull/Neo mytants (d). Arrow size in the “x,y,z coordinate’ diagrams of the
schemae indicate the relative changes in the polarity of the NSC. Conjoined blue arrows:
asymmetry between NSC. (e-I) Magnified norma basalis externa views of Fgfg*/nll (e, f)
and Fgfgnull/Neo (q_|y neonatal skulls with either the dermatocranium in situ (left column) or
removed (right column). The skulls in ‘e’ and ‘f* are the same specimen; likewise for ‘g’ and
‘h’. The skulls in ‘g-i’ typify the nature of the mid-facial cleft. Black arrowheads: abnormal
rostrad ossification at the midline antero-medial to the ossification centers of the mutant
presphenoid (indicated by orange arrows). In mutant NSC, the pars intermedia (pi) and
associated premaxillae are hypoplastic while the pars anterior (pa) is even more diminished.
The pars posterior (pp; purple arrowheads), however, are enlarged and expanded laterally,
containing aberrant turbinalia. Cupola nasi posterior (cnp) are present as just caudal spurs
(red arrows). Mutant NSC connect to the NS extensions of the TBP, which, however, is split
as it extends from the presphenoid (outlined by the grouped small black arrows in ‘d’, ‘h’).
Mutants maintain pre-orbital pillars (pro), but lack elaborated ala orbitali (alo),
sphenethmoidal commissures (sec) and post-optic pillars (pso) in their OPC (green-and-
black arrowheads). The ala hypochiasmatica at the base of the post-optic pillars are extant
and precociously ossified (blue-and-black arrowheads); notably, some asymmetry is evident
as the right side ala hypochiasmatica is typically (n=10/14) larger and more robust.
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FIGURE 3.
Scanning electron micrographs of wild-type and FgfgnUll/Neo empbryos document early

disruption of craniofacial development and NSC polarity. (a-f) Frontal and oblique views of
E10.25 (a-d’) and E12.0 (e, ) wild-type (a, €) and Fgfgnull/Neo (h_q4*, f) littermate embryos.
Key for all figures as indicated in lower right.
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FIGURE 4.
Fgf8 and immediate responsive gene expression is lacking during SCE ontogeny. (a) Fgf8

expression in E9.5 wild-type and Fgf8nUll/Neo |ittermates. Expression in the commissural
plate (cp) is diminished (green arrowhead) while ventro-lateral ectodermal (vle) expression
is completely abrogated (red arrowheads). (b, c) FNP expression of Soryl (b) and Pea3 (c),
two Fgf8-responsive genes, is reduced or lost at E10.5 (compare yellow arrowheads) and
weaker in the cp (green arrowhead). (d) Lateral and frontal views of E9.5 wild-type and
Fgfgnull/Neo |jttermates showing expression of Alx3, a marker of the ectomesenchyme
yielding the elements of the frontonasal and rostral trabecular skeleton, which is clearly
expressed in a ring around the eye (orange arrowheads) and subjacent to the Fgf8-less vle,
although Alx3-positive cells were found ectopically placed across the midline (red
arrowhead) in mutants.
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FIGURE 5.

Altered polarity of transcription factor expression in the frontonasal region presages later
skeletal defects. (a-k) Comparative in situ hybridization of E10.5 wild-type and Fgfgnull/Neo
littermates. (a) Loss of Msx1 expression in mutant mFNP and IFNP. (b, ¢) mFNP expression
of Thx3 (b) and Satb2 (c) is undetectable in mutant embryos (red arrowheads). (d) Alx4
transcripts are restricted to the dorso-lateral margins of the flattened OFPs of mutant
embryos (yellow arrowhead) and absent in the mFNP (red arrowhead). (e) While
diminished, Msx2 transcripts are expanded toward the dorsal rim of the IFNP (green
arrowhead) and ventrally restricted in the mFNP (yellow arrowhead). Red arrowhead:
absence in the mFNP core. (f) Barx2 normally has an unusually punctate expression pattern
around the eye and at the \-junction, but in Fgf8nu!l/Neo embryos transcripts are absent
around the eye (red arrowhead), increased at the A-junction (orange arrowhead), and
ectopically expressed along the dorsal rim of the OFP (yellow arrowhead). (g) Heightened
Sx1 expression (green arrowheads) within the mutant OFP. (h) Lateral expansion of Pitx1
expression within the mutant OFP (green arrowheads); odontogenic line (odl) expression is
more diffuse (orange arrowhead). (i) DIX5 expression is expanded laterally within the
flattened OFP (green arrowheads). Orange arrowhead: position where vomeronasal
primordia would normally arise. (j) At E9.75, DIX5 expression is more robust in the
Fgfgnull/Neo op . Notably, medio-lateral striations of expression are seen (white arrowheads).
These striations are similar to those seen in the SEM micrographs in Figure 3. (k)
Maintenance of DIx2 transcripts at the mutant center of the A-junction (orange arrowhead)
accompanied by dorsal expansion (green arrowheads) along the OFP rim.
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FIGURE 6.
Transformed topography and polarity of regional signaling systems in the frontonasal region

of Fgfgnull/Neo embryos. (a-e) Comparative in situ hybridization. (a) Although Bmp4
expression at E10.25 is normally restricted to the ventral margins of the OFP at the center of
the A-junction (compare blue arrowheads) and the odontogenic line (odl), in typical
Fgfgnull/Neo embryos Bmp4 expression extends along the entire rim of the mutant OFP (red
arrowheads). Mutant embryos evince a break in Bmp4 expression between the odl and the
center of the A-junction (compare green arrowheads). Purple arrowhead: decreased
expression in the mutant commissural plate (cp). Yellow arrowhead: expression in Rathke’s
pouch. (b) Lack of detectable Bmp4 transcripts in the OFP in embryos exhibiting a single,
collapsed OFP (yellow arrowheads). (c) Wnt5a transcripts are still detected along the rim of
the OFP (purple arrowheads) of mutant embryos, though they are diminished in the FNP
core (red arrowhead). (d) At E10.5 expression of Raldh3 is diminished in the optic
primordia (compare yellow arrowheads) and expanded dorsally within the OFP of mutant
embryos (compare the purple arrowheads, indicating the dorsal rim of the pits, and the blue
arrowheads, highlighting the dorsal-most extent of extensive Raldh3). (e) At E9.25, Raldh3
is expanded rostrally (red arrowheads) and medially (double headed black arrow) in mutant
embryos.
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FIGURE 7.
Differential response to Fgf8 allelic dosage in murine-chick chimera system for craniofacial

ectodermal induction. (a) Lateral view of a normal chick embryo showing the egg-tooth
(blue arrowhead) on the dorsal surface of the upper jaw. (b) Diagram of facial ectodermal
(FEZ) transplantation from mouse to chick embryo. (c) Transplantation of the FEZ from a
wild-type mouse induces duplication of upper jaw structures (green arrowhead, dotted box;
magnified to the right). The autochthonous egg-tooth and an ectopic egg-tooth are present in
these chimeras (blue arrowheads). (d) Transplantation of the FEZ from an Fgfgnll/Neo
embryo induces duplications of the upper jaw skeleton as in wild-type chimeras, but the
mutant FEZ is unable to induce an egg-tooth with the duplicated upper jaw (green
arrowhead, dotted box; magnified to the right).
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Figure Abbreviations

TABLE 1

alh, ala hypochiasmatica

alo, ala orbitalis

bal, first branchial arch

¢, caudal

CNC, cranial neural crest

cnp, cupola nasi posterior

cp, commissural plate

crp, cribriform plate

en, external nares

et, ethmoiurbinale

fbn, fenestra basinasalis

FEZ, facial ectodermal zone

fon, orbitonasal fissure

fprm, frontonasal prominence
inc, incisor

iso, isthmic organizer

L, lateral

LFNP, lateral frontonasal process
Lo, lamina obturans of the alisphenoid;
m, medial

max, maxillae

md, mandidular first arch

mFNP, medial frontonasal process
mol, molar

mx, maxillary first arch

na, nasal

NSC, nasal capsule

NS/ns, nasal septum

ocps, ossification center of the presphenoid

odl, odontogenic line

of, optic foramen

OFP, olfactory pit

op, optic primordia

OP, olfactory placode

OPC, optic capsule

pa, pars anterior of the nasal capsule
pal, palatine

pi, pars intermedia of the nasal capsule
pit, position of the pituitary

pmx, premaxillae

pp, pars posterior of the nasal capsule
psc, paraseptal cartilages

pro, pre-optic pillar of optic capsule
ps, presphenoid

psc, paraseptal cartilages

ps-max, palatal shelf of the maxillae
ps-pmx, palatal shelf of the premaxillae
pso, post-optic pillar of optic capsule
r, rostral

rc, recessus cupularis

Rp, Rathke's pouch

sec, sphenethmoid commissure

sin, solum nasi

tbp, trabecular basal plate

trb, turbinate

vie, ventrolateral facial ectoderm

vm, vomer

vno, vomeronasal organ

A-junction, lambdoidal junction.
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