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The proper function of the craniofacial skeleton requires the proper shaping of many individual skeletal

elements. Neural crest cells generate much of the craniofacial skeleton and morphogenesis of skeletal

elements occurs in transient, reiterated structures termed pharyngeal arches. The shape of individual

elements depends upon intrinsic patterning within the neural crest as well as extrinsic signals to the

neural crest from adjacent tissues within the arches. Hedgehog (Hh) signaling is known to play roles in

craniofacial development, yet its involvement in intrinsic and extrinsic patterning of the craniofacial

skeleton is still not well understood. Here, we show that morphogenetic movements of the pharyngeal

arches and patterning of the neural crest require Hh signaling. Loss of Hh signaling, in smoothened (smo)

mutants, disrupts the expression of some Dlx genes as well as other markers of dorsal/ventral

patterning of the neural crest. Transplantation of wild-type neural crest cells into smo mutants rescues

this defect, demonstrating that the neural crest requires reception of Hh signals for proper patterning.

Despite the rescue, morphogenesis of the facial skeleton is not fully recovered. Through transplant

analyses, we find two additional requirements for Hh signaling. The endoderm requires the reception of

Hh signals for proper morphogenetic movements of the pharyngeal arches and the neural crest require

the reception of Hh signaling for the activity of a reverse signal that maintains sonic hedgehog

expression in the endoderm. Collectively, these results demonstrate that Hh signaling is essential to

establish intrinsic and extrinsic patterning information for the craniofacial skeleton.

& 2012 Elsevier Inc. All rights reserved.
Introduction

The craniofacial skeleton is a montage of individual skeletal
elements that support diverse functions, such as biting and
protection of cranial sensory organs. The functionality of the
craniofacial skeleton depends upon the proper shaping of each
individual skeletal element. Changes in the shape of craniofacial
skeletal elements have important implications in both human
craniofacial disease and vertebrate evolution (He et al., 2009).
However, the precise mechanisms that shape the craniofacial
skeleton still remain highly elusive.

In all vertebrate species the majority of the craniofacial
skeleton is composed of cranial neural crest cells. Cranial neural
crest cells migrate from their site of origin, the dorsal neural tube,
into the developing face to form skeletal condensations within
transient reiterated structures known as pharyngeal arches.
Within the pharyngeal arches, cranial neural crest cells interact
with facial epithelia: ectoderm and pharyngeal endoderm (Trainor
and Krumlauf, 2001).
ll rights reserved.

erhart).
It is widely agreed that factors intrinsic to the neural crest and
extrinsic factors, from sources such as the adjacent epithelia, are
responsible for shaping the facial skeleton. A number of transcrip-
tion factors, including gsc, barx1 and hand2 have specific dorsal/
ventral expression domains and are important in craniofacial
development (Firulli et al., 2005; Miller et al., 2003; Rivera-Perez
et al., 1995; Rivera-Perez et al., 1999; Sperber and Dawid, 2008;
Thomas et al., 1998; Yamada et al., 1995; Yanagisawa et al., 2003).
Of particular importance for intrinsic patterning within individual
pharyngeal arches is the Dlx family of transcription factors. The Dlx
family displays a nested pattern of gene expression along the dorsal/
ventral axis of individual arches (Depew et al., 2002). The most
dorsal neural crest cells express only Dlx1 and Dlx2, while more
ventral neural crest cells express the greatest number of Dlx genes
(6 in mammals). This nested pattern of gene expression then
provides dorsal/ventral identity to the neural crest-derived skeleton.
Loss of function of these ventrally nested Dlx genes causes ventral
skeletal elements to adopt dorsal identities in both mouse and fish
(Beverdam et al., 2002; Depew et al., 2002; Talbot et al., 2010).
Therefore, the proper establishment of this intrinsic patterning
information is necessary for proper craniofacial morphogenesis

Proper neural crest condensation within the pharyngeal arches
and subsequent morphogenesis also requires neural crest/epithelial
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Fig. 1. Proper craniofacial morphogenesis requires Hh signaling. (A & B) Flat

mounted, Alcian Blue/Alizarin Red stained pharyngeal skeleton from 4 dpf

(A) wild-type and (B) smo mutant embryos. (A) The palatoquadrate (pq) and

Meckel’s cartilages (mc) are the dorsal and ventral cartilage elements, respec-

tively, generated in the first pharyngeal arch. In the second arch the dorsal

hyosymplectic (hs) articulates with the ventral ceratohyal (ch) through the

interhyal cartilage (asterisk). (B) In smo mutants the pharyngeal skeleton is

hypoplastic, with only a small cartilage nodule residing in the first pharyngeal

arch. In the second arch, the hyosymplectic and ceratohyal cartilages are

recognizable only by position and appear fused to one another. (C & D) Confocal

images of 4 dpf fli1:EGFP transgenic (C) wild types and (D) smo mutants.

(C) Skeletal morphology is clearly evident in wild-type embryos. The hyosym-

plectic and proximal ceratohyal are outlined. (D) In smo mutants, the second arch

has developed the shape of a bent rod. Anterior is to the left; dorsal is up in all

images. Scale bar¼50 mm.
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interactions. For instance, zebrafish mutants lacking endoderm lose
nearly the entire neural crest-derived skeleton (David et al., 2002).
Neural crest/endoderm interactions are likely to be local. Evidence
for this is provided by zebrafish itga5 mutants, in which the first
pharyngeal endoderm pouch is lost causing the loss of the adjacent
anterior half of the hyomandibular cartilage (Crump et al., 2004b).
These studies demonstrate that endoderm is necessary for develop-
ment of most of the craniofacial skeleton. In addition to being
necessary, the endoderm provides patterning information to the
neural crest-derived skeletal elements. In avian species, rotation of
pharyngeal endoderm causes reorientation of the craniofacial ske-
leton with regard to the orientation of the endoderm (Couly et al.,
2002). Thus, morphogenesis of the facial skeleton depends upon
appropriate endodermal signals.

Numerous signaling pathways are known to be involved in
morphogenesis of the facial skeleton. Hh signaling is known to
play important roles in craniofacial development. Disruption of
Hh signaling underlies the genesis of holoprosencephaly
(Solomon et al., 2010) and causes defects in palatogenesis and
tooth development (Bush and Jiang, 2012; Eberhart et al., 2006;
Wada et al., 2005; Zhang et al., 2005). During zebrafish palato-
genesis, Hh signaling is a crucial component regulating reciprocal
signaling between neural crest cells and the oral ectoderm
(Eberhart et al., 2008; Eberhart et al., 2006). Hh signaling is also
important in cartilage and bone development (Barresi et al., 2000;
Eberhart et al., 2006; Komori, 2011; Schwend and Ahlgren, 2009;
Wada et al., 2005). Additionally, reception of Hh signaling by the
neural crest is essential to the establishment of a Fox gene code in
mouse (Jeong et al., 2004). However, the role for Hh signaling
during patterning and shaping of the pharyngeal arches is not
well understood.

We have found that Hh signaling regulates both intrinsic and
extrinsic patterning of the craniofacial skeleton. The pharyngeal
endoderm must receive Hh signaling for the proper morphoge-
netic movements of the pharyngeal arches. Neural crest cells
require the reception of Hh-signaling for proper dorsal/ventral
patterning within the pharyngeal arch. Neural crest cells also
require the reception of Hh signaling in order to signal back to the
endoderm and maintain appropriate gene expression in the
endoderm. We propose that these separate signaling events
may have important clinical and evolutionary significance.
Materials and methods

Zebrafish embryology

Zebrafish embryos were raised and cared for as previously
described (Westerfield, 1993) under IACUC approved protocols
(AUP 08080601). We preformed all of our analyses in the crest
labeling tg(fli1a:EGFP)y1 transgenic line (termed fli1:EGFP for
clarity) and used the smob577 and sox32ta56 alleles (Eberhart
et al., 2006; Kikuchi et al., 2001; Lawson and Weinstein, 2002;
Varga et al., 2001). Cyclopamine treatments were performed on
fli1:EGFP transgenics as previously described (Eberhart et al.,
2006; Hirsinger et al., 2004). The shha and shhb morpholinos
have been characterized (Nasevicius and Ekker, 2000).

Transplantation analyses

To target neural crest cells, we injected donor embryos with
Alexa 546 dextran (Molecular Probes) at the one-cell stage. We
then transplanted donor cells into the crest progenitor domain at
shield stage (Eberhart et al., 2008; Eberhart et al., 2006; Woo and
Fraser, 1995). To target endoderm, we co-injected one-cell stage
donors with Alexa 546 dextran and sox32 mRNA (Chung and
Stainier, 2008). We transplanted donor cells into the margin of
the host embryos at sphere stage (Crump et al., 2004b). We
analyzed all transplants at 30 hpf for donor contribution and only
those embryos with substantial donor contribution to the appro-
priate tissue were analyzed further.

Tissue labeling

We used standard techniques for in situ hybridization (Miller
et al., 2000). All probes have been previously described: dlx2a,

dlx3b, gsc and hand2 (Miller et al., 2000); dlx5a, dlx6a and barx1

(Walker et al., 2006); dlx4b (Ellies et al., 1997); bapx1 (Miller et al.,
2003) and shha (Krauss et al., 1993). Cartilage and bone staining
via Alcian Blue and Alizarin Red, respectively, was performed
according to a modified double staining protocol (Walker and
Kimmel, 2007). Flat mounting of zebrafish skeletal elements
(Kimmel et al., 1998) and anti-active-Caspase and anti-phospho-
Histone antibody staining has been described (Eberhart et al.,
2008; Eberhart et al., 2006).

Imaging

Confocal analyses were performed on a Zeiss 710 using Zen
software. All other images were captured on a Zeiss Axioimager.
Images were processed using Photoshop CS.
Results

Shaping of the facial skeleton fails in the absence of Hh signaling

To determine the involvement of Hh signaling in shaping the
craniofacial skeleton, we initially examined facial cartilage for-
mation in smo mutant embryos, which lack all Hh signaling. We
found that chondrogenesis was variably disrupted, with some
mutant embryos lacking nearly all craniofacial cartilage elements



Fig. 2. Morphogenetic movement of the pharyngeal arches fail in smo mutants.

(A–H) Confocal images of fli1:EGFP transgenic embryos that are (A, C, E & G) wild

type and (B, D, F & H) mutant at the smo locus. (A & B) In fixed and anti-EGFP

stained 36 hpf embryos, aside from the loss of the maxillary domain (mx), the

pharyngeal arches (numbered) of wild types and smo mutants closely resemble

one another. (C, D) At 48 hpf, the pharyngeal arches elongate similarly in both

wild type and smo mutant embryos, although morphogenesis of the mandibular

(md) region of the first arch may be disrupted. (E) By 54 hpf, the second arch of

wild-type embryos has widened, along the anterior/posterior axis, and the third

pharyngeal arch has moved medial to the second arch. (F) 54 hpf smo mutants

have not undergone these morphological changes and resemble 48 hpf mutants.

(G & H) Orthogonal views showing the relative position of the 3rd arch in 54 hpf

wild-type and smo mutant embryos. The first four pharyngeal arches are

numbered. Anterior is to the left in all images; dorsal is up in A-F; lateral is up

in G & H. Scale bar¼50 mm.
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(n¼22/42; data not shown). No mutant embryos produced
cartilage in pharyngeal arches 3–7, consistent with reports of
another Hh pathway mutant, disp1 (Schwend and Ahlgren, 2009).
In those mutants that did produce cartilage in the first and second
arch, these elements were hypoplastic and greatly malformed
(n¼20/42; Fig. 1A & B). In the first arch, a small cartilage nodule
in the position of Meckel’s cartilage remained while there was no
apparent dorsal element. We previously characterized a neural
crest cell condensation defect in the maxillary domain of the first
pharyngeal arch (Eberhart et al., 2006), which could be partially
responsible for this apparent loss of the dorsal first arch element.
In the second pharyngeal arch, there appeared to be a dorsal and a
ventral element that were fused together (Fig. 1A & B).

In the second pharyngeal arch of wild-type embryos, the
dorsal hyosymplectic has a distinctive morphology with a plate-
like hyomandibular cartilage and the symplectic cartilage, a rod-
like extension from the plate. In smo mutants that generate
cartilage, this dorsal element is highly disrupted. The symplectic
fails to form and the hyomandibular is misshaped (Fig. 1B),
making the skeletal element recognizable only on the basis of
position. In wild-type embryos, the hyosymplectic and ceratohyal
cartilages articulate with one another through the intermediately
located interhyal cartilage (asterisk in Fig. 1A). This intermediate
skeletal element appears to be missing or fused into the remain-
ing second arch skeleton in smo mutants, as is the case for disp1

mutants (Schwend and Ahlgren, 2009). In the ventral second arch
of wild-type embryos, the ceratohyal is a rod shaped cartilage
with the distal tip pointing towards the anterior (Fig. 1A). In the
ventral second arch of smo mutants, a small rod shaped cartilage
is present in the appropriate position for the ceratohyal, although
the distal tip points to the posterior of the embryo (Fig. 1B).
Collectively, these analyses demonstrate a clear defect in the
morphology of craniofacial cartilage in embryos lacking Hh
signaling.

Hh signaling is necessary for proper chondrogenesis (Barresi
et al., 2000; Eberhart et al., 2006; Schwend and Ahlgren, 2009;
Wada et al., 2005), which could cause defects in cartilage
morphology that are not present in the precartilage condensa-
tions. We examined 4 dpf fli1:EGFP transgenic embryos to
determine if neural crest cells were properly distributed in smo

mutants, as this model would predict. We find that the morphol-
ogy of the second arch skeleton is readily apparent in embryos
wild type at the smo locus (Fig. 1C). In smo mutants, neural crest
cells are present in the pharyngeal arches (Fig. 1D). In all smo

mutants analyzed, the second arch is shaped like a bent cylinder
and no extension of symplectic precursors is present (Fig. 1D).
These data suggest that the morphological defects present in the
facial skeleton of smo mutants could be due to a failure of
morphogenesis of the precartilage condensations.

We analyzed precartilage condensations within the pharyn-
geal arches during morphogenesis to determine if Hh signaling
was required for this process. At 36 hpf, when the condensed
neural crest have an established dorsal/ventral pattern (Walker
et al., 2006), crest condensations in wild-type embryos and smo

mutants closely resemble one another (Fig. 2A & B), with the
exception of the loss of the maxillary domain in smo mutants
(Eberhart et al., 2006). By 48 hpf, the pharyngeal arches in both
wild-type and smo mutant embryos have elongated along their
dorsal/ventral axis (Fig. 2. C & D), although smo mutants may have
mandibular defects. It is because of early defects to the first arch
that we focus our analysis on the second, and more posterior,
arches. At 54 hpf, when the cell rearrangements that sculpt the
shape of the facial skeleton are underway (Crump et al., 2004b),
differences in the morphogenesis of posterior arches in wild-type
embryos and smo mutants become apparent. In wild types the
third arch has moved medial to the second arch (Fig. 2E & G),
while the third arch remains posterior to the second arch in smo

mutants (Fig. 2F & H). This failure to reposition the third arch is
not a developmental delay because even at 4 dpf, the third arch
remains posterior to the second arch in smo mutants (see Fig. 1D
and Fig. 9). Additionally in wild-type embryos, the second arch
becomes subtly wider in the anterior–posterior axis, relative to
48 hpf, while the 54 and 48 hpf smo mutant closely resemble one
another (Fig. 2E). These findings suggest that Hh signaling is
necessary for the proper orchestration of morphogenetic move-
ments of the pharyngeal arches between 36 and 54 hpf (see
Supplemental Movies 1 and 2 for time lapse analysis).

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2012.05.032.

Proper craniofacial development requires continued Hh signaling

during pharyngeal arch patterning and morphogenesis.

Throughout this time window of Hh-dependent morphogen-
esis, the developing head, particularly the pharyngeal endoderm,
expresses shha and shhb, the zebrafish Shh duplicates (Balczerski
et al., 2011; Eberhart et al., 2006; Strahle et al., 1996; Teraoka
et al., 2006). We find that injection of morpholinos directed
against the two zebrafish Shh duplicates phenocopies the cranio-
facial defects present in smo mutants (Supplemental Fig. 1).
While injection of either shha or shhb morpholino alone causes
craniofacial defects, they do not fully recapitulate the smo

mutant phenotype (Eberhart et al., 2006; Nasevicius and
Ekker, 2000), (data not shown). These findings show that
Shh signaling is necessary for the morphogenetic events sculpting
the zebrafish face.

Because the Shh duplicates are expressed for a prolonged
period, we sought to determine when Hh signaling was necessary
for facial morphogenesis. We applied cyclopamine, a potent Hh

dx.doi.org/doi:10.1016/j.ydbio.2012.05.032
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pathway inhibitor, to zebrafish embryos for 12-hour periods and
examined the craniofacial skeleton at 5 dpf. We previously
demonstrated the oral ectoderm must receive Hh signaling for
proper development of dorsal skeletal elements within the first
arch skeleton (Eberhart et al., 2006), because of this requirement
and the potential defects to the mandibular region of the first arch
(Fig. 2), we focus here on the effects of cyclopamine on the second
pharyngeal arch (Fig. 3).

Cyclopamine treatments that initiated at or before 24 hpf
result in severe craniofacial defects (Fig. 3B, compare to the
control in Fig. 3A). These embryos had reduced cartilage staining
and greatly disrupted morphology of the second arch skeletal
elements (n¼25/25). In the dorsal second arch, only the posterior
portion of the hyomandibular cartilage, which articulates with
the opercle bone, remained and the symplectic cartilage was
absent. In the ventral second arch, the ceratohyal appeared
smaller and its distal tip did not project anteriorly, as it did in
control embryos. Thus, cyclopamine treatments occurring before
24 hpf appear to most closely resemble the defects observed in
smo mutants.

Later cyclopamine treatments caused more subtle defects to
the craniofacial skeleton. Treatments that initiated between
30 hpf to 36 hpf invariably resulted in the complete loss of the
symplectic cartilage and the inappropriate projection of the distal
tip of the ceratohyal towards the posterior of the embryo (n¼25/
25). The majority of embryos treated with cyclopamine beginning
at 40 hpf or 44 hpf also had a complete loss of the symplectic
(n¼19/25 in both treatment groups, Fig. 3C and data not shown).
The remaining embryos produced a shortened symplectic (data
Fig. 3. Morphogenesis of the pharyngeal skeleton requires continued Hh signal-

ing. (A–D) Whole mount images of (A) control (ethanol treated) and (B-D)

cyclopamine (cya)-treated 4 dpf fli1:EGFP embryos. (A) Regardless of the timing

of the control treatment, the symplectic rod (line) extends beyond the interhyal in

control embryos. The opercle (op) bone attaches to the proximal hyosymplectic.

(B) All skeletal elements are severely hypoplastic following cyclopamine treat-

ment from 24–36 hpf. (C) The symplectic rod is completely lost in treatments as

late as 44–56 hpf (asterisk). In treatments that initiate at 48 hpf, the symplectic

rod (line) forms but is shortened. Anterior is to the left; dorsal is up in all images.

Scale bar¼50 mm. (E) Average (þ/- 2 standard errors of the mean) symplectic

length across treatments. Different letters over the bars denote statistically

significant differences (po0.5).
not shown). In all cases at these two time points the ceratohyal
failed to project anteriorly. The symplectic formed and the
ceratohyal projected anteriorly in all embryos that received
treatments initiating at either 48 hpf or 52 hpf (n¼25/25 in each
treatment). However, the symplectic was still shorter than in
controls (Fig. 3D and see quantification, below). Collectively, our
inhibitor studies suggest that Hh signaling is required over an
extended period of time, at least from 24 until 52 hpf, for proper
morphogenesis of the facial skeleton and that the symplectic
cartilage is particularly susceptible to the loss of Hh signaling.

To quantify the effect of the loss of Hh signaling on develop-
ment of the symplectic we measured this cartilage in control
embryos and those cyclopamine embryos that produced a sym-
plectic. The average symplectic length in control embryos was
70.7 mm. The average symplectic length for the six embryos that
produced this cartilage in treatments that initiated at 40 hpf and
44 hpf was 15.3 mm and 19.9 mm, respectively. While all embryos
that were treated starting at 48 and 52 hpf produced symplectic
cartilages, these cartilages were shorter than controls, 40.0 mm
and 51.7 mm, respectively. Analysis of Variance (ANOVA,
F¼72.60217) followed by means comparison using a Tukey test
demonstrates that these differences in symplectic length were
statistically significant (po0.5) across all groups with the excep-
tion of between the 40 to 52 hpf and 44 to 56 hpf cyclopamine
treatment (Fig. 3E). Collectively, our cyclopamine data show that
craniofacial morphogenesis requires continued Hh signaling
throughout the time when arch elongation and reorganization is
occurring.

Neural crest cells require the reception of Hh-signaling for the proper

expression of dorsal/ventral markers within the pharyngeal arches.

Many studies have suggested that dorsal/ventral patterning
and morphogenesis of the facial skeleton go hand in hand (for
review see (Kimmel et al., 2001)), suggesting a potential mechan-
ism for the morphogenetic defect in smo mutants. One primary
source of dorsal/ventral patterning information in the pharyngeal
arches involves the nested expression of Dlx family members
(Beverdam et al., 2002; Depew et al., 2002; Talbot et al., 2010).
We analyzed the expression of the Dlx gene family in wild-type
embryos and smo mutants (Fig. 4). In both wild-type embryos and
smo mutants, dlx2a expression labeled the dorsal/ventral extent of
the pharyngeal arches at 36 hpf. The expression of dlx2a, as well
as the extent of fli1:EGFP (see Fig. 2), also showed that the overall
dorsal/ventral length of the pharyngeal arch at 36 hpf was similar
in smo mutants compared to wild-type embryos, 77.5 and
81.3 mm, respectively (n¼3 for each genotype). Likewise the
mean length of dlx6 expression was within 5% of that observed
in wild-type embryos (31.1 and 32.6 mm, respectively; n¼3 for
each genotype). The dorsal/ventral extent of dlx4a expression was
not greatly altered (average¼33 mm and 36.3 mm for smo

mutants and wild-type embryos, respectively; n¼3 for each
genotype,). However, the remainder of the Dlx genes that we
examined, dlx3b, dlx4b and dlx5a had an approximate 25% reduc-
tion in the dorsal/ventral expression domains in smo mutants
versus wild-type embryos (dlx3b: 29.6 mm vs. 38.35 mm; dlx4b:
25.6 mm vs. 34.9 mm; dlx5a: 29.7 mm vs. 40.6 mm; n¼3 in each
group). In no instance was the expression of any Dlx gene
completely lost and the expression of these Dlx genes in the
intermediate region of the pharyngeal arches appeared most
resistant to loss of Hh signaling. These data show that Hh
signaling is necessary for the proper dorsal/ventral expression
pattern of a subset of Dlx genes.

Proper expression of other markers of dorsal/ventral pattern-
ing within the arch also required Hh-signaling. Within the
pharyngeal arches both barx1 and gsc had a dorsal and a ventral



Fig. 5. Dorsal/ventral patterning of the pharyngeal arches requires Hh signaling.

(A–F) 36 hpf embryos hybridized with probes for other markers of dorsal/ventral

pattern in the pharyngeal arches. (A–D) In wild-type embryos, both (A) barx1 and

(C) gsc have a dorsal and a ventral expression domain, with an intermediate

domain free of expression (arrow). (B, D) In smo mutants, this intermediate region

is lost (asterisk). (E & F) Expression of hand2 is similar between wild types and smo

mutants (arrow). The first two arches are numbered. Anterior is to the left; dorsal

is up in all images. Scale bar¼50 mm.

Fig. 4. Proper Dlx gene expression requires Hh signaling. (A–L) 36 hpf embryos

stained via in situ hybridizations for Dlx family members (A, B) dlx2a, (C, D) dlx3b,

(E, F) dlx4a, (G, H) dlx4b, (I, J) dlx5a and (K, L) dlx6. (A, C, E, G, I, & K) wild-type

embryos were compared to (B, D, F, H, J, & L) smo mutants. The overall dorsal/

ventral extent of staining in the second pharyngeal arch (shown by the black line

in each panel) for each gene was measured in 3 embryos of each genotype to

calculate the mean. Anterior is to the left; dorsal is up in all images. The first two

pharyngeal arches are numbered. Scale bar¼50 mm.
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expression domain, with an intermediate region free of expres-
sion of either marker (Fig. 5A & C). In smo mutant embryos this
intermediate region expressed both barx1 and gsc, resulting in the
fusion of what would normally be a dorsal and ventral domain of
expression (Fig. 5B & D). On the other hand, the expression
domain of hand2 in the ventral pharyngeal arch appeared normal
in smo mutants (Fig. 5E & F). We observed no clear differences in
the endoderm or levels of neural crest cell proliferation or
apoptosis between wild types and smo mutants at 36 hpf
(Supplemental Fig. 2). In contrast, apoptosis, in the neural crest
and endoderm, did appear elevated by 52 hpf, after the morpho-
genetic defect was readily evident (Supplemental Fig. 3). There-
fore, while later loss of neural crest cells or the endoderm could
explain some of the skeletal defects in smo mutants, such loss is
unlikely to underlie the alteration in expression of dorsal/ventral
markers in smo mutants.

Because the endoderm expresses both zebrafish shh duplicates
(Balczerski et al., 2011; Eberhart et al., 2006; Strahle et al., 1996)
and is in intimate contact with neural crest, the endoderm is a
likely source for the Hh signal. However, a recent report sug-
gested that endoderm was only involved in growth, not dorsal/
ventral patterning, of facial skeletal elements (Balczerski et al.,
2011). We examined the expression of a subset of our dorsal/
ventral markers in sox32 mutants, that lack endoderm. We found
that, particularly in the second and more posterior arches, dorsal/
ventral patterning was highly disrupted in sox32 mutants
(Supplemental Figs. 4 and 5). The exception to this is the
expression of hand2, in which we saw no evidence for an
alteration in expression pattern in the neural crest. While these
defects tended to be much more severe than we found in smo

mutants, the expression of gsc in sox32 mutants was very
reminiscent to that found in smo mutants (Supplemental
Fig. 5D). These results are consistent with the strong expression
of the shh duplicates by the endoderm (Balczerski et al., 2011;
Eberhart et al., 2006; Strahle et al., 1996) being involved in proper
dorsal/ventral patterning, although other sources, such as the oral
ectoderm, are likely to also play a role, particularly for the first
pharyngeal arch (Eberhart et al., 2006).

Proper dorsal/ventral patterning in the pharyngeal arches
requires the reception of signaling factors, such as Edn1, Bmp
and Jag1b, by neural crest cells (Alexander et al., 2011; Clouthier
and Schilling, 2004; Zuniga et al., 2011; Zuniga et al., 2010). To
test if neural crest cells also require reception of Hh signaling for
the proper expression of dorsal/ventral markers within the
pharyngeal arches, we generated genetic mosaics by transplant-
ing smoþ /þ neural crest cells into smo mutant embryos. In these
genetic mosaics, we analyzed a subset of markers, barx1, gsc and
dlx5a, which we found to be disrupted in smo mutants. In smo

mutant embryos with pharyngeal arches populated by smoþ /þ

neural crest cells (Fig. 6B D), the barx1 (n¼6/6; Fig. 6B) and gsc

(n¼2/2; data not shown) negative region of the intermediate arch
was recovered. While on the non-transplanted side, these mar-
kers were expressed in the intermediate region of the arch
(Fig. 6A and data not shown). In mosaic pharyngeal arches, the
domain of dlx5a was larger along the dorsal/ventral axis as
compared to the control side of the embryo (n¼5/5; Fig. 6E–H).
Although the transplantation technique can damage cells, because
we observe a rescue of expression, it is unlikely that the cellular
debris itself had any effect. These results clearly show that neural



Fig. 6. Neural crest cells require the reception of Hh signaling for proper dorsal/ventral patterning. (A–H) 36 hpf fli1:EGFP;smo� /� embryos imaged following the

transplantation of neural crest cells from fli1:EGFP;smoþ /þ donors. The fli1:EGFP;smoþ /þ donors were injected with Alexa 568 dextran to visualize the transplanted cells (in

red). The mutant side, not receiving the transplant, shows dorsal/ventral patterning defects, with the fusion of the dorsal and ventral domains of barx1 (A, arrow) and a

reduced extent of dlx5a expression (E, line). (B-D) Neural crest cells wild type for smo restore the intermediate barx1 free expression domain (B, arrowhead). (F–H)

Transplanted neural crest cells also increase the extent of dlx5a expression (E, line). (C & G) Show the overlay of fli1:EGFP and Alexa 568 while (D & H) are the same

embryos showing just the transplanted cells. Note that in the embryo in G there is poor contribution of neural crest cells to the first pharyngeal arch, although the second

arch is highly populated with transplanted cells. The first two pharyngeal arches are labeled. Anterior is to the left; dorsal is up in all images. Scale bar¼50 mm.

Fig. 7. Morphology of the pharyngeal skeleton is still disrupted in smo mutants

receiving wild-type neural crest transplants. (A & C) Mutant and (B & D) transplant

side of 4 dpf Alcian Blue/Alizarin Red stained smo mutants receiving wild-type

neural crest transplants. The dashed lines outline the second pharyngeal arch

elements for each respective side. (A & B) Compared to the mutant side, the side of

the embryo populated with wild-type neural crest cells generates larger phar-

yngeal skeleton elements. (C & D) Even in the most complete rescue, the skeletal

elements generated by wild-type neural crest cells are still misshaped. The overall

shape of the hyosymplectic (hs) is recognizable. However, the symplectic rod is

nearly absent (arrow) and there is a notch out of the proximal most portion of the

element (arrowhead). ch, ceratohyal. Anterior is to the left; dorsal is up in all

images. Scale bar¼50 mm.
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crest cells must receive Hh-signaling for the appropriate expres-
sion of dorsal/ventral markers within the pharyngeal arches.

A partially neural crest non-autonomous requirement for smo during

morphogenesis of the facial skeleton

Because disruption of dorsal/ventral patterning causes defects
in morphogenesis (Kimmel et al., 2001), it would seem to follow
that transplantation of wild-type neural crest cells would also
completely rescue morphogenesis in smo mutants. Surprisingly,
even in mutant embryos with a nearly complete contribution of
wild-type neural crest cells to the pharyngeal arches, we detected
variable and always incomplete rescue of morphogenesis of facial
skeletal elements derived from those neural crest populations
(n¼6/6; Fig. 7). In most of these transplants, wild-type crest
transplanted into smo mutants generated slightly larger cartilages
with a clear dorsal and ventral element, compared to the control
side of the embryo, however, the cartilages lacked any clear
morphology (n¼4/6; Fig. 7A & B). In the most extensive rescues,
the dorsal and anterior portions of the hyomandibular cartilage
were reduced and the symplectic cartilage failed to extend
properly (n¼2/6; Fig. 7D). In these instances, the dorsal cartilage
was discernable as a hyosymplectic due to the flattened morphol-
ogy, slightly formed symplectic and the presence of a commissure
in the cartilage (Supplemental Fig. 6, compare to Fig. 1). Analysis
of transplanted embryos at 54 hpf revealed that morphogenetic
movements positioning the 3rd arch medial to the 2nd arch had
failed (n¼6/6; Supplemental Fig. 7) These results suggest that
Smo function in neural crest cells is not sufficient to completely
drive morphogenesis of these skeletal elements.

Our transplants from smo mutants into wild-type embryos
provided further evidence that morphogenesis of skeletal pre-
cursors does not solely require Smo function in the neural crest.
As has been previously demonstrated (Eberhart et al., 2006; Jeong
et al., 2004; Wada et al., 2005), smo mutant crest cells contribute
readily to the pharyngeal arches (n¼4/4; Supplemental Fig. 8A &
B). At 4dpf, we find that smo mutant neural crest cells are
present throughout the region of the hyosymplectic cartilage
(Supplemental Fig. 8C & D). Some of these mutant cells are
contributing to the symplectic cartilage stack (Supplemental
Fig. 8C, arrow), which is consistently absent in smo mutants.
Collectively, our transplantation analyses suggest that Hh signal-
ing to the neural crest is sufficient for dorsal/ventral patterning
but is not completely sufficient for morphogenesis of the crest-
derived skeleton. Therefore, the reception of Hh by additional
tissues is likely to play a role in morphogenesis.
Development of the facial skeleton requires Hh-signaling to the

endoderm

The pharyngeal endoderm is necessary for proper craniofacial
morphogenesis (David et al., 2002) and Hh signaling is necessary for
proper patterning of pharyngeal endoderm derivatives (Grevellec
et al., 2011; Moore-Scott and Manley, 2005). Therefore, we examined
if Hh signaling to the endoderm was also involved in craniofacial
morphogenesis. We transplanted sox32 mRNA injected cells into smo

mutant embryos and generated genetic mosaics capable of receiving
Hh signaling only in the endoderm. In these embryos, the defects in
expression of dorsal/ventral markers in the pharyngeal arches were
not rescued (Supplemental Fig. 9). Occasionally, these transplants
only populate the lateral or medial endoderm. In these instances, we
find that transplants populating the medial endoderm (n¼3/3), but
not the lateral endoderm (n¼4/4), were capable of rescuing this
morphogenetic movement (Fig. 8). These results show that early



Fig. 8. Morphogenetic movements of the pharyngeal arches require the reception of Hh signaling by the medial endoderm. (A & B) Lateral and (C & D) orthogonal views of

54 hpf smo mutants that received transplants of wild-type endoderm (in red) with the first 4 pharyngeal arches numbered. (A & C) In embryos with contribution of wild-

type cells to the medial endoderm, the second arch thickens along the anterior/posterior axis and the third arch moves medially to the second arch. (B & D) These

movements are not rescued if the transplanted cells are restricted to lateral (pouch) endoderm. l, lateral; m, medial. Anterior is to the left in all images. Scale bar¼50 mm.

Fig. 9. Reception of Hh signaling by the endoderm can reorganize the facial

skeleton. (A & C) Mutant and (B & D) transplant side of smo mutant embryos that

have received wild-type endoderm transplants and were stained with Alcian Blue/

Alizarin Red at 4 dpf. (A & B) In embryos that produce cartilage, these transplants

result in differently shaped cartilage elements. (C & D) In the most extensive

reorganization of the pharyngeal skeleton, (C) the mutant side of the embryo has a

single cartilage nodule in the appropriate location for the hyosymplectic (hs).

(D) The transplanted side of the same embryo has a nodule in the correct location

for the hyosymplectic with an attached opercle bone (asterisk). A cartilage nodule

is also in the appropriate location for the ceratohyal cartilage (ch) and there are

three nodules (arrows) in the location for the interhyal or symplectic rod. Adjacent

to the eye there is a nodule in the appropriate location for the palatoquadrate (pq)

and an ectopic nodule is located just posterior to the eye (arrowhead). Anterior is

to the left in all images. Scale bar¼50 mm.
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morphogenetic movements of craniofacial condensations require the
reception of Hh signaling by the endoderm.

To determine if rescuing early morphogenetic movements
affected the morphology of the craniofacial skeleton, we grew
mosaic embryos to 4 dpf and analyzed the craniofacial skeleton
(n¼11). In those smo embryos with a discernable craniofacial
skeleton, wild-type endoderm altered the size and shape of the
cartilage elements that were present (n¼4; Fig. 9). As with our
neural crest transplants, the results were variable in nature. In the
most extensive reorganization of the craniofacial skeleton the
non-transplanted side of the embryo had a single cartilage
nodule, in the appropriate location for the hyosymplectic. The
transplanted side of the embryo had cartilage nodules in the
appropriate position for the hyosymplectic, ceratohyal, palato-
quadrate, interhyal and symplectic rod as well as an opercle bone
(which is always absent in smo mutants) and an ectopic cartilage
nodule (Fig. 9D).

Hh-signaling mediates cross talk between the neural crest and the

endoderm

Our transplant analyses strongly suggest that proper cranio-
facial development requires Hh signaling to both the neural crest
and the endoderm. The expression of Shh in the oral ectoderm is
itself Hh-dependent as well as dependent upon cues from the
neural crest (Cordero et al., 2004; Eberhart et al., 2008; Eberhart
et al., 2006; Hu and Marcucio, 2009). We reasoned that this
relationship might also be the case between the crest and the
endoderm, which would help explain some of the variation in our
manipulations. Similar to our previous analyses (Eberhart et al.,
2006), we found that shha was expressed in the endoderm of smo

mutants. However, we found that the appropriate distribution of
shha in the endoderm is Hh dependent and that the disruption of
shha expression in the endoderm is variable across smo mutants
(Supplemental Fig. 10). To test if this expression was dependent
upon crest signals, we transplanted smoþ /þ neural crest into smo

mutants and assayed the expression of shha in the endoderm. We
compared the lateral extent of shha expression across transplant
and mutant sides of the embryo (Fig. 10; dashed line indicates the
midline as determined by the ventral neural tube and notochord).
As our model predicted, transplantation of smoþ /þ neural crest
cells into smo mutants expanded the distribution of shha expres-
sion in the smo mutant endoderm on the side of the transplant
(n¼3/3; Fig. 10, arrows indicate the lateral-most extent of the
shha-expressing endoderm). This finding suggests that a Hh-
dependent signal from the neural crest to the endoderm is
necessary to maintain appropriate gene expression in the endo-
derm. Because Hh signaling continues to be important through
craniofacial morphogenesis, this feedback from neural crest to
endoderm has important implications in the shaping of facial
skeletal elements.
Discussion

Collectively, our data show that Hh signaling plays 3 important
roles in craniofacial development (Fig. 11). First, our endoderm
transplants show that signaling directly to the endoderm is
essential for early morphogenetic movements of the pharyngeal
arches. Our neural crest transplants demonstrate the next two
roles. Second, signaling directly to the neural crest is necessary for
the proper expression of dorsal/ventral markers in the pharyngeal
arches. Third, this signaling to the neural crest establishes a
feedback signal to the endoderm to maintain proper gene expres-
sion, notably of shha itself. Because the endoderm is mutant for
smo in these crest transplants, this feedback signal is extremely
unlikely to be Shh.



Fig. 11. Model. Hh signals to both the endoderm (red) and neural crest (graded

shades of green, with darker shades being dorsal). Signaling to the endoderm is

essential for morphogenetic movements of the pharyngeal arches and likely aids

in sculpting the shape of skeletal elements. Signaling to the neural crest is

required for the proper dorsal/ventral patterning of the pharyngeal arches. The

reception of Hh signaling by the neural crest is required for a neural crest-derived

signal that maintains Hh expression in the endoderm.

Fig. 10. A Hh-dependent relay from neural crest to the endoderm regulates shha expression. fli1:EGFP;smo� /� embryos received transplants of neural crest cells from

fli1:EGFP;smoþ /þ donors. The fli1:EGFP;smoþ /þ donors were injected with Alexa 568 dextran to visualize the transplanted cells (in red). (A) Ventral view of a 36 hpf smo

mutant labeled with a riboprobes against shha showing more extensive shh expression on the side receiving the transplant (arrows). The dashed line marks the midline of

the embryo as determined by the position of the notochord and ventral diencephalon. Arches 2 & 3 are labeled. (B & C) Lateral view of the same embryo in A, imaged

previously at 30 hpf, demonstrating contribution of wild-type neural crest cells to the pharyngeal arches. (B) shows the overlay of fli1:EGFP expression and Alexa 568

dextran fluorescence while (C) shows just the dextran fluorescence. The first two pharyngeal arches are numbered, anterior is to the left in all images. Scale bar¼50 mm.
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These three functions help explain the variation in our trans-
plant analyses. Since the expression of shha in the endoderm is
variably disrupted, in some smo mutants receiving wild-type
neural crest cells, there would not be a strong source of Shh.
Therefore, morphogenesis might not be rescued to a large extent,
due to an inadequate Shh signal. In those smo mutants receiving
wild-type crest transplants that had stronger Shh signaling, we
predict a more extensive rescue. Even in these instances though,
the endoderm requires the reception of Shh signaling, therefore,
the rescue will still not be complete. This, at least partly, explains
why dorsal/ventral patterning can be rescued without a substan-
tial rescue of morphogenesis.

Because shh in the endoderm requires a Hh-dependent signal
from the neural crest, smo mutants with wild-type endoderm
transplants are also predicted not to be fully rescued. Because this
reverse signal will be lost in these transplanted embryos, we
would predict that the Hh-mediated reciprocal signaling
would break down. In these embryos then, it may be possible to
rescue the earliest morphogenetic defect, movement of the 3rd
arch, but not later elaboration of craniofacial morphology.
Our model suggests that combined activation or inactivation of
the Hh-signaling pathway in the endoderm and neural crest will
have the most dramatic effect on craniofacial morphogenesis.
More complex genetic approaches will be needed to test this
model for the role of Hh signaling in patterning the craniofacial
skeleton.

One likely source of Hh ligand for this patterning is the
pharyngeal endoderm because endoderm expresses the zebrafish
shh duplicates and is in close proximity to the neural crest.
Consistent with this model, we find a severe disruption of
dorsal/ventral patterning in the pharyngeal arches in mutants
lacking endoderm. This would seem to be contradictory to recent
results in zebrafish suggesting that endoderm is dispensable for
dorsal/ventral patterning (Balczerski et al., 2011). We note though
that in our analyses dorsal/ventral patterning within the first
pharyngeal arch is much more intact and it is first arch skeletal
elements that Balczerski et al. focus on. So while other sources,
such as the ectoderm (Balczerski et al., 2011; Eberhart et al.,
2006), may play important roles in dorsal/ventral patterning in
the first arch, more posterior arches do require endoderm-derived
signals. The dorsal/ventral patterning marker we found most
resistant to loss of endoderm was hand2 which would seem to
be in contrast to recent reports (Balczerski et al., 2011). We note
though that Balczerski et al. state that hand2 is ectopically
expressed in the ectoderm of sox32 mutants. While we did not
observe any obvious expression of hand2 in the ectoderm, this
may simply be due to the different in situ hybridization techni-
ques used between these two reports and that the ectoderm was
not specifically analyzed here. Importantly, we share Balczerski et
al.‘s conclusion that hand2 expression remains restricted to
ventral arch cranial neural crest cells in sox32 mutants.

Our model does not rule out other Shh sources, such as the
brain, being involved in the morphogenetic processes that we’ve
examined. Indeed the brain is known to play an important role in
craniofacial morphogenesis (Eberhart et al., 2006; Hu and
Marcucio, 2009; Marcucio et al., 2005; Wada et al., 2005). Our
model also does not rule out the possible involvement of other Hh
ligands, although the Shh duplicates would seem to play the most
important role. Collectively our data support the model where
endoderm-derived Shh maintains or refines the dorsal/ventral
patterning the pharyngeal arches, although mosaic analysis in
Shh loss of function embryos will be needed to fully understand
the source of the ligand.

Hh signaling is involved in proper dorsal/ventral gene expression

within the pharyngeal arches

We have found that appropriate dorsal/ventral patterning infor-
mation within the pharyngeal arches requires Hh signaling received
by the neural crest. The expression of many, but not all, dorsal/
ventral markers is altered in smo mutants. Consistent with our
results, crest specific deletion of Smo does not appear to alter the
expression of Hand2 in mouse (Jeong et al., 2004). On the other
hand, deletion of Smo within the crest appears to cause distal
expansion of Dlx5 expression within the arch (Jeong et al., 2004).
This result would seem to stand in contrast to our finding that dlx5a

expression is reduced in zebrafish smo mutants. It is unclear
whether this apparent difference is due to species differences or
differences between conditional and non-conditional Smo loss of
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function. To our knowledge, a more comprehensive analysis of Dlx
gene expression following Hh loss of function has not been
performed in mouse. These analyses will be necessary to understand
the potential conservation of Hh-dependent Dlx gene expression
between zebrafish and mammals.

Proper dorsal/ventral patterning within the pharyngeal arches
is dependent upon a complex series of signaling interactions.
These interactions impinge upon the expression of numerous
transcription factors such as Dlx genes, which are known media-
tors of dorsal/ventral patterning (Beverdam et al., 2002; Depew
et al., 2002; Talbot et al., 2010). The Endothelin 1 (Edn1) pathway
is critically important for this patterning (Clouthier et al., 1998;
Miller et al., 2000; Nair et al., 2007). Edn1 signaling to the neural
crest is responsible for the expression of ventral pharyngeal arch
markers and Edn1 pathway mutants have homeotic transforma-
tions of ventral to dorsal identity (Clouthier and Schilling, 2004;
Kimmel et al., 2001). Neural crest cells express jag1b, which
through Notch signaling, sets up an opposing dorsal gradient
(Zuniga et al., 2010). Consequently, mutation of jag1b causes
homeotic transformation of dorsal to ventral identity (Zuniga
et al., 2010). Bmp signaling feeds into this patterning network by
both inducing edn1 expression and through a direct effect on
neural crest cells, inducing ventral identity (Alexander et al.,
2011; Zuniga et al., 2011).

The alteration in proper dorsal/ventral gene expression pat-
terns that we observe in smo mutants are consistent with a model
in which Hh signaling helps to maintain or refine this patterning
information. Because the zebrafish Shh duplicates are expressed
in the endoderm after dorsal/ventral patterning is initiated
(Balczerski et al., 2011), it seems unlikely that Shh participates
in the initiation of this patterning. A later role is consistent with
the more moderate effects on dorsal/ventral gene expression that
we observe in smo mutants as compared to Bmp or Edn1 mutants
(Alexander et al., 2011; Miller et al., 2000; Nair et al., 2007;
Walker et al., 2006; Walker et al., 2007; Zuniga et al., 2011;
Zuniga et al., 2010). In the developing limb, Shh signaling directly
regulates the expression of the Bmp antagonist, Gremlin (Vokes
et al., 2008), providing a potential mechanism for how Hh
signaling may interact with other dorsal/ventral patterning sig-
nals in the pharyngeal arches. While Bmp coated beads inhibit
Barx1 expression in the chicken maxillary prominence (Barlow
et al., 1999), similar treatments induce barx1 in the intermediate
region of the zebrafish pharyngeal arch (Sperber and Dawid,
2008), similar to the effect of loss of Hh signaling. Therefore,
negative interactions between Shh and Bmp signaling may be
involved in the pharyngeal arches as well. Given the importance
of barx1 in zebrafish craniofacial development (Sperber and
Dawid, 2008), this alteration may play a significant role in the
etiology of the craniofacial defects in smo mutants. Additionally, a
Fox gene code in the developing mouse skull is dependent upon
Hh signaling (Jeong et al., 2004) and, should a similar code exist in
zebrafish, disruption of this code could cause some of the facial
defects that we observe in zebrafish smo mutants. Foxa2 has been
shown to physically interact with homeodomain transcription
factors, including Gsc and this interaction between Fox genes and
homeodomain containing transcription factors, which includes
Dlx genes, is likely to be widespread (Foucher et al., 2003). Thus, it
is possible that dual regulation of Fox genes and homeodomain
transcription factors may play a role in the events downstream of
Hh signaling that are critical for the maintenance/refinement of
this dorsal/ventral patterning information. Therefore, it is likely
that complex interactions between these various signaling path-
ways underlie our somewhat paradoxical finding that Dlx gene
expression in the intermediate arch is most resistant to the loss of
Hh signaling while gsc or barx1 expression expands into the same
region in smo mutants.
Hh-mediated reciprocal signaling between the neural crest and the

pharyngeal endoderm.

Reciprocal signals between neural crest and their adjacent
epithelia have been demonstrated in several contexts, particularly
the developing maxillary prominence which gives rise to the
palatal skeleton (Bush and Jiang, 2012). We’ve previously shown
that, during maxillary development in zebrafish, Hh-mediated
reciprocal signals are essential for craniofacial development. The
expression of shha in the oral ectoderm is lost in smo mutants
(Eberhart et al., 2006) as well as pdgfra mutants (Eberhart et al.,
2008), in which neural crest cells fail to migrate to the oral
ectoderm. These two results demonstrate that epithelial shha

expression is dependent upon Hh-signaling and, currently, uni-
dentified signals from the neural crest.

Here, we have shown that a very similar circumstance exists
between neural crest and the pharyngeal endoderm. While the
expression of shha is never lost in the pharyngeal endoderm, the
pattern of shha expression is variably disrupted in smo mutants.
Our neural crest transplants demonstrate that the presence of
neural crest cells that can receive Hh signaling rescues the
expression of shha in the adjacent endoderm, which cannot
respond to Hh. Therefore, the expression of shha in the endoderm
is dependent both upon Hh signaling as well as reciprocal signals
from the neural crest. While, the identity of these reciprocal
signals are unknown, based on expression patterns and known
interactions with the Hh pathway, promising candidates include
members of the Bmp, Fgf and Tgf signaling pathways (Lan and
Jiang, 2009; Oka et al., 2008; Swartz et al., 2011). The significance
of this reciprocal signal is unclear, but it may help promote
continued outgrowth of the pharyngeal skeleton and maintain
signaling to the endoderm itself.

Our results demonstrate that the endoderm requires Hh
signaling for both proper patterning and morphogenetic move-
ments of the pharyngeal arches. While the endoderm clearly plays
a role in shaping the craniofacial skeleton (Couly et al., 2002), how
it accomplishes this task is largely unknown. Work in zebrafish
would suggest that the interactions between neural crest cells
and the endoderm are likely to be local in nature. For instance,
loss of the first pharyngeal pouch associates with the loss of the
symplectic (Crump et al., 2004a). Furthermore, the symplectic, of
the hyosymplectic, is stacking out (Crump et al., 2004a) during
the time window in which we have found the movements of the
pharyngeal arches to be disrupted in smo mutants. Therefore, the
reorganization of the pharyngeal arches that we have shown to be
Hh-dependent could potentially explain the defects to the hyo-
symplectic and ceratohyal that are present in smo mutants.
However, our interpretation is limited by the lack of information
regarding normal endoderm morphogenesis during these later
stages of craniofacial development examined here. Future experi-
ments detailing the coordinated morphology of endoderm and
crest-derived skeleton will aid in our understanding of how Hh
signaling mediates morphogenesis.

The partial separation of dorsal/ventral patterning and

morphogenesis may be evolutionarily adaptive

There are many examples demonstrating that dorsal/ventral
patterning clearly influences morphogenesis (Clouthier and
Schilling, 2004; Depew et al., 2005). However, any disruption of
dorsal/ventral pharyngeal arch patterning, be it through Edn1,
jag1b or Dlx loss of function, causes deleterious morphological
transformations that frequently include fusions of dorsal and
ventral skeletal elements (Alexander et al., 2011; Miller et al.,
2000; Miller et al., 2007; Nair et al., 2007; Talbot et al., 2010;
Walker et al., 2006; Walker et al., 2007; Zuniga et al., 2011;
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Zuniga et al., 2010). So while patterning and morphogenesis do
tend to go hand in hand, altering neural crest patterning may not
be the most adaptive way to alter craniofacial form evolutionarily.
Because the endoderm directs the outgrowth of most of the
craniofacial skeleton (Couly et al., 2002), alterations of endoderm
morphogenesis may be another way to alter craniofacial form.

In both zebrafish (our results) and mouse (Moore-Scott and
Manley, 2005), Hh signaling is necessary for patterning of the
pharyngeal endoderm. Our work shows that endoderm capable of
receiving Hh signaling can cause the morphogenetic movements
of the pharyngeal arches to occur in embryos otherwise mutant
for smo. The restoration of these movements correlates with an
altered morphology of smo mutant cartilages, although further
work is necessary to show if these morphogenetic movements of
the arches are directly responsible for the morphology of the
cartilage from the arches. Therefore, our results suggest that by
specifically altering the response to Hh signaling in the pharyn-
geal endoderm, and not the neural crest, it is conceivable that the
shapes of individual pharyngeal skeletal elements can be altered
without changing their identity.

The shape of the hyomandibular and symplectic cartilages,
collectively referred to as the hyosymplectic, in fishes has under-
gone extensive evolutionary modification (DeBeer, 1937). We
note that the symplectic cartilage in particular appears to be
most sensitive to alteration of Hh signaling; even relatively late
cyclopamine treatments reduce the extension of the symplectic. It
will be of great interest to examine Hh response genes in the
endoderm of fishes with morphologically diverse pharyngeal
skeletal elements, particularly the symplectic.
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